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Polymer/inorganic nanoparticle hybrid thin films, primarily composed of 
functional inorganic nanoparticles, are of great interest to researchers because of their 
interesting electronic, photonic, and optical properties. In the past two decades, 
layer-by-layer (LbL) assembly has become one of the most powerful techniques to 
fabricate such hybrid thin films. This method offers an easy, inexpensive, versatile, and 
robust fabrication technique for multilayer formation, with precisely controllable 
nanostructure and tunable properties. In this thesis, various ways to control the structure 
of hybrid thin films, primarily composed of polyelectrolytes and indium tin oxide (ITO), 
are the main topics of study. ITO is one of the most widely used conductive transparent 
oxides (TCOs) for applications such as flat panel displays, photovoltaic cells, and 
functional windows.  
In this work, polyethyleneimine (PEI) was used to stabilize the ITO suspensions 
and improve the film buildup rate during the LbL assembly of poly(sodium 
4-styrenesulfonate) (PSS) and ITO.  The growth rate was doubled due to the stronger 
interaction forces between the PSS and PEI-modified ITO layer. The assembly of hybrid 
films was often initiated by a polyelectrolyte precursor layer, and the characteristics of 
the precursor layer were found to significantly affect the assembly of the hybrid thin 
films. The LbL assembly of ITO nanoparticles was realized on several substrates, 
including cellulose fibers, write-on transparencies, silicon wafers, quartz crystals, and 
glasses. By coating the cellulose fibers with ITO nanoparticles, a new type of conductive 
paper was manufactured. By LbL assembly of ITO on write-on transparencies, 
transparent conductive thin films with conductivity of 10-4 S/cm and transparency of over 
80 % in the visible range were also prepared.  
xxii 
As a result of this work on the mechanisms and applications of LbL grown films, 
the understanding of the LbL assembly of polyelectrolytes and inorganic nanoparticles 
was significantly extended.  In addition to working with ITO nanoparticles, this thesis 
also demonstrated the ability to grow bicomponent [PEI/SiO2]n  thin films.  It was 
further demonstrated that under the right pH conditions, these films can be grown 
exponentially (e-LbL), resulting in much thicker films, consisting of mostly the inorganic 
nanoparticles, in much fewer assembly steps than traditional linearly grown films (l-LbL).  
These results open the door to new research opportunities for achieving structured 
nanoparticle thin films, whose functionality depends primarily on the properties of the 




CHAPTER 1  
INTRODUCTION  
 
In the past two decades, Layer-by-Layer (LbL) assembly has become one of the 
most powerful “bottom-up” nanofabrication techniques.[1-5] It offers an easy, inexpensive, 
versatile, and robust method for multilayer formation with precisely controllable 
nanostructure and allows a variety of materials to be incorporated within the film 
structure. Due to its versatility, it has been widely applied in interdisciplinary fields for 
applications such as sensors,[6-8] drug delivery,[9-11] biomimetic structures,[12-14] selective 
membranes,[15-17] and functionalized coatings.[18-20]  
Hybrid LbL thin films, which incorporate functional inorganic nanoparticles, are 
of primary interest for this thesis, because of the possibility of controlling their electronic, 
photonic and optical properties.[21] Particularly, the thesis focuses on the fabrication of 
bicomponent hybrid LbL thin films, which incorporate one polyelectrolyte material and 
one type of inorganic nanoparticle. The functional inorganic nanoparticles incorporated 
into the LbL thin films in this study were indium tin oxide (ITO) nanoparticles.  ITO is 
well-known for its optical transparency and its high electrical conductivity.[22-24] The 
transparent conductive thin films from ITO nanoparticles can be potentially used in 
optoelectronic devices, such as photovoltaic cells, electronic displays, and functional 
windows.[23] Compared to traditional film deposition methods, LbL assembly can 
increase the efficiency of the ITO utilization and allow for coatings to be deposited onto 
flexible and complex-shaped substrates.  
The fundamental understanding of LbL assembly of thin films, composed of 
polyelectrolytes and inorganic nanoparticles, lags behind its wide applications.[17, 21] The 
LbL assembly of polyelectrolytes and inorganic nanoparticles often exhibits complex and 
contradictory responses to variables such as the ionic strength, pH, and the details of the 
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precursor layers used. For these reasons, this thesis will focus on these variables. In 
subsequent sections, a brief summary of the background literature will be given which 
focuses on all of the main topics related to the thesis: (1) Background on ITO, (2) 
Background on Colloidal Solutions, (3) Background on LbL Assembly. 
1.1. Indium Tin Oxide (ITO) 
Transparent conductive oxides (TCOs) materials were first discovered by Badeker 
et al. in 1907, when they found that Cd metal thin film deposited in a glow discharge 
chamber could be oxidized to become transparent while maintaining its conductivity.[25] 
Owing to their special properties of combining the high transparency and the high 
conductivity, TCOs have found wide application in the optoelectronic devices ranging 
from flat-panel displays to thin film photovoltaics.[23] Since the 1960s, the most widely 
used TCO for optoelectronic device applications has been tin-doped indium oxide, which 
is often called indium tin oxide (ITO).[24, 26, 27]  
The transparency of ITO is due to the Sn doping into indium oxide.[28] As shown 
in the figure, prior to doping, the conduction band is unfilled, and the energy required to 
excite an electron from the filled valence band to the conduction band is Eg0. Due to the 
doping, the bottom of the conduction band is filled with free electron, and thus the energy 
required to excite an electron from the valence band to the lowest unfilled state in the 
conduction band is increased to Eg. This band-gap widening due to the blocking of the 
bottom of the conduction band from the doping is well known as the Burstein-Moss 
shift.[29, 30]  The band energy increase of ΔEg is a function of the electron density, as well 
as the density-of-states effective electron masses in the valence band and the conduction 
band.[31] The intrinsic band gap of the single crystalline In2O3 is 3.75 eV,[32] while the 




Figure 1.1 Schematic of the band-gap shift from indium oxide to the indium tin oxide due 
to the doping.[28] (The figure has been modified from the reference.) 
The transmittance of ITO thin films is dependent on the free electron density (ne). 
As shown in Figure 1.2, the ITO transmittance in the visible range is around 80%. This 
transmittance will decrease to zero due to the plasma edge in the infrared (IR) region.[31]  
The position of this plasma edge depends on the ne. The higher the ne is, the lower the 
wavelength of the plasma edge is. At a free electron density of 3×1021 cm-3, the 
transmittance of ITO in the visible range starts to decrease due to the low plasma edge. In 
addition, as shown in Figure 1.2, the transmittance of ITO exhibits an uneven value in the 
highest transparent region. This phenomenon is due to the reflection of the ITO film.   
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Figure 1.2 Calculated transmittance of ITO as a function of the free electron density 
ne.[22]  
The transparent conductive ITO thin films can be prepared using evaporation, 
sputtering, reactive ion plating, chemical vapor deposition, spray pyrolysis, etc.[33] 
Sputter coating is one of the most extensively used techniques for the ITO deposition. 
The ITO can be sputtered from metallic targets or oxide targets (In2O3 and SnO2). The 
sputtering from oxide targets renders a far better control over the stoichiometry, and it 
has been used most frequently in industry.[33, 34] Using these methods, ITO thin films with 
high transparency (over 80%) and high conductivity (over 103 S/cm) can be prepared.[33]  
Although sputtering can render high quality films, these methods result in poor 
target utilization and possible health hazards. Due to the naturally multidirectional 
deposition method, a majority of the ITO is wasted during the sputter coating. According 
to the United States Geological Survey, only about 15% of the ITO is made into ITO thin 
films, and the rest (85%) becomes waste.[35, 36] Furthermore, the preparation of the ITO 
targets usually involve wet surface grinding, which potentially results in severe health 
hazards for the workers.[37, 38] In order to address these issues with the sputtering methods, 
researchers began to study other methods to deposit the colloidal ITO particles onto 
substrates.[39, 40]  
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1.2. Colloidal Suspensions 
1.2.1. Surface Charges and Electrostatic Potentials 
The assembly of inorganic nanoparticles is usually performed using nanoparticle 
colloidal suspensions. Many methods of preparing colloidal suspensions will yield 
particles that possess surface charges. These surface charges can be generated by 
ionization of surface groups, adsorption of ions, dissolution of ionic solids, or substitution 
of ions.[41] As shown in Figure 1.3, the colloidal surface charges are balanced by an 
excess of ions containing opposite charges that surround the particles. These counter ions 
form electrical double layers, including one layer of charges firmly attached to the 
nanoparticle surface, the stern layer, and a diffuse layer of charges.  
As a result of the surface charge, the particle surface acquires a surface 
electrostatic potential. This surface potential decays exponentially following the 
Debye-Hückel equation:[41] 
 ( ) ( )xx s κψψ −= exp        (1.1) 
In this equation, the ψ(x) and ψs represent the electrostatic potential at a distance x from 
the particle surface and the electrostatic potential at the particle surface, respectively. The 
constant κ has a dimension of reciprocal length, and 1/κ, the distance at which the 
electrostatic potential falls to 37% of the surface potential, is referred as the Debye length. 
Usually, one times the Debye length can give a measure of the thickness of the electrical 
double layer, two times the Debye length gives an approximate measure of the electric 
field that extends from the surface, and four times the Debye length gives an indication of 
the distance between two adjacent particles at which the electrostatic interaction can 
begin.[42] The Debye length is significantly dependent on the ionic strength of a colloidal 
suspension. For an aqueous colloidal suspension that contains only NaCl, the Debye 




Figure 1.3 Illustration of the distribution of ions and the electrostatic potential profile 
around a positively charged particle.(The figure has been modified from the reference.)[43, 
44]  
As shown in Figure 1.3, the plane of shear is a plane within the diffuse layer that 
is very close to the stern layer, under which plane the counter ions can move together 
with the nanoparticles in the suspensions. The electric potential at this plane of shear is 
called the ζ-potential. ζ-potential can be measured easily using electrophoresis methods, 
and its value is often used to characterize the surface charge of colloidal particles. By 
measuring the electrophoretic mobility, u, of a spherical colloid particle, one can obtain 
the ζ-potential by using equation (1.2) or (1.3):[45] 
  1
3
2 0 <<= Rforu r κ
η
ζεε
       (1.2) 
  1000 >= Rforu r κ
η
ζεε
       (1.3) 
in which, η is the viscosity of the solvent, the ε0 is the permittivity of vacuum, the εr is 
the relative permittivity of the solvent, and the R is the radius of the colloidal particles. 
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The approximation of ζ-potential from electrophoretic mobility using equation (1.3) is 
referred to as Smoluchowski approximation.[45]  
1.2.2. Mechanism for Colloidal Suspensions Stabilization 
In order to perform assembly of nanoparticles, one has to prepare a stable 
colloidal suspension. There are generally several types of stabilization methods: 
electrostatic stabilization, steric stabilization, and electrosteric stabilization. As shown in 
Figure 1.4, when two particles approach each other, the ionic atmosphere on each particle 
overlaps and the local ion concentration between the particles will increase. The 
difference between this mid-point ion concentration and that in the bulk can result in an 
osmotic pressure acting to force the particles apart and thus stabilize the colloidal 
suspension.[41] The colloidal suspension stabilization due to this electrostatic repulsive 
force is called electrostatic stabilization. The electrostatic repulsive force can be 
evaluated by measuring the ζ-potential of the colloidal suspension. Generally, a colloidal 
suspension with high ζ-potential (i.e., either above +30 mV or below -30 mV) can be 
considered as a stable suspension.[46]  
 
Figure 1.4 Illustration of the overlap of electrical double layers in adjacent particles.[41]  
The colloidal suspension can also be stabilized by modifying the colloidal particle 
with polymers. As shown in Figure 1.5, when the polymer-modified particles approach 
each other, the polymer chains between the particles will start to overlap, and the polymer 
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concentration will start to increase. The local increase of the polymer concentration and 
the overlap of polymer chains results in a free energy penalty, and thus give rise to the 
steric repulsion.[41] This colloidal suspension stabilization due to the steric repulsive 
forces is called steric stabilization. In addition, it is also possible to have combinations of 
electrostatic and steric stabilization, which is termed electrosteric stabilization. 
 
Figure 1.5 Illustration of the overlap of surface polymer chains between adjacent particles 
during steric stabilization.[47]  
1.2.3. Stabilization of Colloidal Suspensions using Polyelectrolytes 
Polyelectrolytes have long been used to stabilize colloidal suspensions through 
the electrosteric stabilization mechanism. Due to the surface charge of polyelectrolyte 
chains, the polyelectrolyte chains can adsorb onto oxide surfaces through electrostatic 
forces. For example, negatively charged PAA can adsorb onto the positively charged 
TiO2 [48] and Al2O3[49] particle surfaces at relative low pH, and positively charged PEI can 
adsorb onto negatively charged Si3N4,[50] TiO2,[51] SiO2,[52] and ZrO2[53, 54] particle 
surfaces at relatively high pH. The adsorption of positively charged PEI chains on 
colloidal particles can be followed by measuring their ζ-potential. As shown in Figure 1.6, 
after the adsorption of positively charged PEI, the ζ-potential of the Si3N4 particles 
increased to a higher positive value or reversed from negative value.  
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Figure 1.6 ζ-potential versus pH for 5 vol% Si3N4 suspension with various amounts of 
PEI.[50] 
The adsorption of polyelectrolytes on solid particle surfaces will induce variations 
in the electron distribution of polymer functional groups and the polymer chain 
conformations. These variations can be investigated using Fourier Transform Infrared 
Spectroscopy (FTIR) and Surface Enhanced Raman Spectroscopy (SERS). For example, 
PEI will adsorb onto ZrO2 nanoparticle surfaces due to the coordinate covalent bond 
between nitrogen (Lewis base) in PEI and Zr (Lewis acid).[54] The oxygen present in 
ZrO2 is believed to not be involved in this interaction between PEI and ZrO2. Under FTIR, 
two new peaks have been observed between 1580-1560 cm-1 and 1450-1350 cm-1 due to 
interaction between PEI and ZrO2 can be observed.[54] Similar phenomena have also been 
observed when PEI is adsorbed onto Ag particles.[55] The ratio of symmetric CH2 
stretching over asymmetric CH2 stretching decreases when PEI is adsorbed onto silver 
particles, which is due to the increase of trans-conformers in the aliphatic chain, in 
relation to the gauche ones of the PEI chain. A relative intensity decrease is observed for 
the bands corresponding to the aliphatic moieties, while a relative intensification is 
observed for the bands assigned to amino moieties.[55]    
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1.3. Layer-by-Layer (LbL) Assembly 
In the past two decades, the fundamentals of the LbL assembly of polyelectrolytes 
have been extensively studied and well understood, while LbL assembly of 
polyelectrolytes and inorganic nanoparticles still needs more detailed studies.[17] 
Therefore, it is useful for us to revisit the fundamentals of LbL assembly of 
polyelectrolytes to understand the LbL assembly of polyelectrolytes and inorganic 
nanoparticles. 
1.3.1. Polyelectrolytes Commonly Used in LbL Assembly 
The structures of some conventional polyelectrolytes that were used for LbL 
assembly are shown in Figure 1.7. As shown in the figure, 
poly(diallyldimethylammonium hydrochloride) (PDDA), polyethyleneimine (PEI), and 
poly(allylamine hydrochloride) (PAH) are polycations, and they can gain positive 
charges through the amine groups. Poly(sodium 4-styrenesulfonate) (PSS) and 
poly(acrylic acid) (PAA) are polyanions, and they can gain negative charges through the 
sulfonic and carboxylic groups. PDDA and PSS are strong polyelectrolytes, which mean 
their degrees of ionization are not strongly affected by the pH of the solutions.[56] On the 
other hand, PAA, PAH and PEI are weak polyelectrolytes, and their degrees of ionization 
are significantly affected by the pH of the solutions.[57, 58] Figure 1.8 depicts the degrees 
of ionization of PAA, PAH, and PEI at the pH range of 2 to 12. As shown in the figure, 
the ionization degree of PAA is close to zero at a low pH, such as a pH of 2, but it 
increases with increasing pH of the PAA solution. On the other hand, the ionization 
degrees of PAH and PEI are at zero at a high pH, such as a pH of 12, and they increase 
with the decrease of pH. 
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Figure 1.7 Illustration of the structure of polyelectrolytes often used for LbL assembly.  
 
The relation between the pH of the polyelectrolyte solution and the ionization of 




1logapKpH          (1.4) 
According to equation (1.4), when half of the functional groups is ionized (α equals to 
0.5), the pH of the polyelectrolyte solution is defined as the pKa of this solution. As 
shown in Figure 1.8(a) and (b), Choi et al. have summarized different study of the 
ionization of the PAA and PAH, and they have found that the pKa of PAA and PAH is 
around 6.5 and 9, respectively.[57] The pKa of polyelectrolyte solution is dependent on the 
ionic strength of the solution.[58] As shown in Figure 1.8(c), the pKa of PEI without KCl 
and with 0.1M KCl is around 7 and 8, respectively. In other words, the ionization of the 
PEI chains can be increased increasing the ionic strength of the solution. It is worth 
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noting that the ionization curves for PAA and PAH shown in Figure 2.2 were obtained at 
an NaCl concentration of 0.01 M.[57]   
 
Figure 1.8 Degree of ionization of two weak polyelectrolytes depending on the pH of the 
polyelectrolyte solutions: (a) PAA,[57] (b) PAH,[57] and (c) PEI.[58] (The different symbols 
in (a) and (b) is from different studies summarized in ref [57], and all of the figures have 
been modified from the references.)  
1.3.2. LbL Assembly of Polyelectrolytes 
1.3.2.1. Fundamentals of LbL Assembly of Polyelectrolytes 
The LbL assembly of polyelectrolytes was first demonstrated by Decher in 
1990s.[2] As shown in Figure 1.9, the LbL assembly process can be conducted using the 
very simple dip-coating procedure. Two oppositely charged polyelectrolytes, the 
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polyanion and the polycation, can be deposited onto the substrate “layer by layer” in a 
cyclic manner.  
 
Figure 1.9 (a) Schematics of the dip coating procedure of the LbL assembly of 
polyanions and polycations, and (b) Simplified surface structure of one bilayer of 
polyanions and polycations. (The figure has been modified from the reference.)[2]  
The LbL assembly of two oppositely charged polyelectrolytes is essentially a 
complexation process between the positive and negative polyelectrolyte segments and the 
release of the counterions (Figure 1.10).  
 
Figure 1.10 Complexation between positive polyelectrolyte and negative polyelectrolyte 
segments. (The figure has been modified from the reference.)[62]  
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During LbL assembly, the two adjacent oppositely charged polyelectrolyte layers 
do not form a 1:1 stoichiometric complex. Instead, as shown in Figure 1.11, only part of 
the electrical charges in a polyelectrolyte layer can be compensated by the subsequent 
oppositely charged polyelectrolyte layers. Therefore, one of the most important 
characteristics of the LbL assembly process is the overcompensation of the surface 
charges.  
 
Figure 1.11 Illustration of the charge compensation between two adjacent oppositely 
charged polyelectrolyte layers.  
The charge overcompensation has been observed in many LbL studies.[63-68] As 
shown in Figure 1.12, due to the charge overcompensation, the surface ζ-potential during 
the LbL assembly of PEI[PSS/PAH]5 is seen to change sign after every assembly steps. 
In other words, the surface possesses excess surface charges after each assembly step.  
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Figure 1.12 Surface ζ-potential measurements during the LbL assembly of 
PEI[PSS/PAH]5. (The figure has been modified from the reference.)[65]  
1.3.2.2. Ionic Strength Effect 
The adsorption of polyelectrolyte on a substrate surface forms a typical loop-train 
structure (Figure 1.13).[69] The conformation of the adsorbed polyelectrolyte chains is 
controlled by the screening between polymer charges.[70, 71] The addition of salt, which 
will enhance the screening, decreases the interaction between the polymer and the surface, 
as well as the interaction between polymer segments, and thus permits more loop 
formation.[70, 71] As shown in Figure 1.13(a), at a low ionic strength, the polyelectrolyte 
chains extend due to the strong repelling forces between the polyelectrolyte charges. 
However, at a high ionic strength, the polyelectrolyte chains can form larger loop 
structures during the LbL assembly (Figure 1.13(b)). Therefore, each bilayer of the LbL 
assembled thin films will be thicker when the thin film is assembled at a high ionic 
strength. Moreover, at an extremely high ionic strength, the salt screening effect can 
promote the desorption of the polyelectrolyte chains.[71-73]    
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Figure 1.13 Illustration of the ionic strength effect on the conformation of adsorbed 
polyelectrolyte chains during the LbL assembly.  
The effect of ionic strength on the LbL assembly of polyelectrolyte multilayers 
(PEMs) has been observed by many researchers.[16, 73-80] As shown in  Figure 1.14, 
during the LbL assembly of poly(N-methyl-2-vinyl pyridinium chloride) (PM2VP) and 
PSS, the UV  light absorbance of films, which is proportional to the film buildup rate, 
from polyelectrolyte solutions at the NaCl concentration of 0.1 M is significantly higher 
than that when no NaCl was added into the polyelectrolyte solution.[75] On the other hand, 
as shown in Figure 1.15, during the LbL assembly of poly(l-Lysine) (PLL) and 
poly(guanylic acid) (Poly[G]), increasing NaCl concentration below 0.5 M increases the 
film buildup rate, whereas increasing NaCl concentration above 0.5 M decreases the film 
buildup rate due to the strong salt screening.[73]  
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Figure 1.14 Buildup of the [PM2VP/PSS]n thin film from a solution containing 0.1 M 
NaCl or no NaCl. (The figure has been modified from the reference.)[75]  
 
Figure 1.15 The effect of NaCl concentration on the LbL assembly of [PLL/Poly[G]]n 
films.[73]  
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1.3.2.3. pH Effect 
The LbL assembly of polyelectrolyte multilayers (PEMs) can also be significantly 
affected by the pH of the polyelectrolyte solutions.[57, 74, 76, 81, 82] The pH effect on the 
buildup of the PEMs is primarily due to its influence on the electrical charges of weak 
polyelectrolytes, such as PEI, PAH, and PAA. If the polyelectrolytes are highly charged, 
the polymer chains will be extended due to the strong repelling forces between the 
charges. In this case, the conformation of chains that adsorbed on the substrates will be 
composed of mostly trains, and the multilayer thickness will be relatively thin (Figure 
1.16(a)). On the contrary, if the polyelectrolytes have a low charge, the polymer chains 
will form a coil structure. In this case, the conformation of deposited polymer chains will 
possess primarily loops, and the multilayer layer will be much thicker than when the 
polymer chains conformation are mainly trains (Figure 1.16(b)).  
As shown in Figure 1.17, the bilayer thickness that is contributed by one bilayer 
of [PAH/PAA]n PEMs is significantly affected by the pH of the PAH and the PAA 
solutions.[81] When the PEMs were assembled from both highly charged PAH (at low pH) 
and highly charged PAA (at high pH), the thickness of PEMs was at minimum. However, 
when the PEMs were assembled from both low charged PAH (at high pH) and low 
charged PAA (at low pH), the PEMs thickness was at a value of more than 120 Å nm per 
bilayer. When only one of the polyelectrolytes was low charged, the bilayer thickness 
was around 40 to 100 Å per bilayer.  
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Figure 1.16 Illustration of the effect of electrical charge density of polyelectrolyte chains 
on the buildup of the polyelectrolyte multilayers (PEMs) from weak polyelectrolytes.  
 
Figure 1.17 The average bilayers thickness of [PAH/PAA]n PEMs as a function of the pH 
of the PAH and PAA solutions. In the figure, the “H. Ch.” and “L. Ch.” stand for the 
“highly charged” and “low charged”, respectively. (The figure has been modified from 
the reference.)[81]  
 Figure 1.18 depicts the average bilayer thickness of different combinations of 
counterions as a function of the pH of the polyelectrolyte solutions.[57] In this figure, at 
least one of the counterions is a weak polyelectrolyte: either PAA for polyanions or PAH 
for polycations. Poly(vinylsulfonic acid) (PVS), PSS, PDDA, and 
poly(4-vinylbenzyltrimethylammonium chloride) (PVTAC) are strong polyelectrolytes. 
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As shown in the figure, the average bilayer thickness of all thin films when they were 
assembled at the pH around 7 was at a minimum (around 5 Å), due to the high charge 
density of both the strong and weak polyelectrolytes at this pH. For the thin films 
assembled at low pH, the average bilayer thickness was at minimum (around 5 Å) when 
PSS or PVS was used as the polyanions, whereas the average bilayer thickness was 
between 70 and 160 Å when PAA was used at polyanions. On the other hand, for the thin 
films assembled at high pH, the average bilayer thickness was at minimum (around 5 Å) 
when PDDA or PVTAC were used as the polycation, whereas the average bilayer 
thickness was between 40 and 100 Å when PAH was used as the polycation. 
 
Figure 1.18 The average bilayer thickness as a function of the pH of the polyelectrolyte 
solutions of thin films [PAA/PAH]n, [PVS/PAH]n, [PSS/PAH]n, [PAA/PDDA]n, and 
[PAA/PVTAC]n.(The figure has been modified from the reference.)[57]  
1.3.3. LbL assembly of Polyelectrolyte and Inorganic Nanoparticles 
1.3.3.1. Fundamentals of LbL assembly of polyelectrolytes and inorganic nanoparticles 
The mechanism for the LbL assembly of polyelectrolytes and inorganic 
nanoparticles can be divided into two steps: the assembly of polyelectrolytes and the 
21 
assembly of inorganic nanoparticles. The assembly of polyelectrolytes follows a similar 
mechanism as discussed in the previous sections. Therefore, the main focus of this 
section will be on the mechanism of the assembly of inorganic nanoparticles under 
various conditions.  As shown in Figure 1.19, the assembly of inorganic nanoparticles is 
controlled by two forces: the interparticle forces and the particle-surface forces.[21, 56] 
Generally, the interparticle forces are dominated by repulsive forces that control the 
stability of the colloidal suspensions. A strong repulsive interparticle force will render a 
patchy thin film growth, and the particles will tend to form isolated islands during the 
assembly.[83-85] Therefore, a weak repulsive interparticle force is favored for the assembly 
of inorganic particles to form a fully covered substrate surface during one step of particle 
assembly. On the other hand, the particle-surface interaction forces are mainly attractive 
forces during the LbL assembly.[21, 56] Therefore, it is easy to understand that strong 
particle-surface attractive forces are favorable for the LbL assembly process.  
 
Figure 1.19 Schematics of two forces that mediate the assembly of inorganic 
nanoparticles: the interparticle forces and the particle-surface forces.  
For a conventional electrostatic LbL assembly process, both the interparticle 
forces and the particle-surface forces are dominated by the electrostatic forces. As shown 
in Figure 1.19, for the positively charged particles, the interparticle forces are the 
repulsive electrostatic forces, whereas the particle-surface forces are the attractive 
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electrostatic forces. Both of these two types of forces are dependent on the surface charge 
of the nanoparticles, which can be characterized by the ζ-potential. A high ζ-potential 
means a strong repulsive force between particles, which is unfavorable for dense packing 
during the assembly of particles. At the same time, a high ζ-potential also indicates a 
strong attractive force between the particles and the surface, which is favorable for the 
adsorption of the particles. Due to this opposite dependence on the ζ-potential, the 
literature reports on the effect of ζ-potential on the assembly of nanoparticles has been 
controversial.[46, 86, 87] For example, Wang et al. found that an increase of the absolute 
value of the ζ-potential of a SiO2 suspension by varying the pH and the dielectric 
constant of solvent will raise the average bilayer thickness.[86] However, during the 
assembly of bare and amine-functionalized SiO2, Lee et al. found that the optimized 
assembly condition is observed at a relatively low absolute ζ-potential value (-14 to -28 
mV) of bare SiO2.[46] In addition, it has also been found that a higher assembly rate can 
be obtained from acid-treated carbon nanotubes at a relatively lower absolute ζ-potential 
value.[87]  
1.3.3.2. Surface Modification of Nanoparticles 
Nanoparticles used for LbL assembly are often modified by an organic layer on 
the surface.[83, 88-93] The function of this organic layer is considered to be two-fold: (1) to 
protect the nanoparticles from agglomeration and aggregation due to the steric 
stabilization, and (2) to mediate the interparticle and the particle-surface interaction 
forces.[21, 56]  
 As shown in Figure 1.20, the LbL assembly of PDDA and bare yttrium iron garnet 
(YIG) nanoparticles exhibited a patchy growth process.[83] The YIG nanoparticles formed 
isolated islands on the substrate, and these islands were seen to grow at later stages of the 
LbL assembly process. One bilayer of [PDDA/YIG]n cannot fully cover the substrate 
surface. On the other hand, when the YIG nanoparticles were modified with a positively 
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charged organic layer of 3-aminopropyl trimethoxysilane, the modified YIG particles 
formed a dense layer in one assembly bilayer (Figure 1.20(c)). This sharp transition was 
attributed to the introduction of the secondary hydrophobic attractive forces to the 
primary electrostatic interparticle and particle-surface forces.[83]  
 
Figure 1.20 SEM images of [PDDA/YIG]n films with (a) n = 1, and (b) n = 2, and AFM 
images of [PAA/modified YIG]1 film on a PDDA/PAA/PDDA precursor layer. (The 
figures have been modified from the reference.)[83]  
The interparticle and the particle-surface interaction forces were also mediated by 
introducing two different surface modifying agents. Kotov et al. have shown that by 
introducing a mixture of ethyl mercaptan, EtSH, and thiolactic acid, CH3CH(SH)COOH, 
on the CdS nanoparticles, they were able to manipulate the two kinds of interaction 
forces. The ethyl mercaptan modified surface exhibited a hydrophobic nature, while the 
thiolactic acid modified surface exhibited a hydrophilic surface. Therefore, by varying 
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their ratio on the nanoparticle surface, they could modify the balance of hydrophobic 
interactions and the electrostatic interaction forces. As shown in Figure 1.21, the film 
thickness of [PDDA/SAM-CdS]5 is dependent on the ratio of surface modifying agent 
thiolactic acid and ethyl mercaptan. At a ratio of thiolactic acid/ethyl mercaptan of 
around 0.3, the thickness of the thin film reached the optimal thickness.  
 
Figure 1.21 The dependence of thickness of [PDDA/CdS]5 film on the ratio of thiolactic 
acid / ethyl mercaptan on the CdS surface.[21]   
1.3.3.3. Effect of Ionic Strength and pH in the Polyelectrolyte Solutions 
The ionic strength and the pH effect on the LbL assembly of polyelectrolytes and 
nanoparticles can be divided into two parts: the effect of the ionic strength and the pH in 
the polyelectrolyte solutions and the effect of the ionic strength and the pH in the 
nanoparticle suspensions. As discussed in the previous sections, the ionic strength and pH 
can affect the conformation of the adsorbed polyelectrolyte chains. A high ionic strength 
can render a loopy structure for the polyelectrolyte layer, and the pH can also affect the 
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conformation of adsorbed weak polyelectrolytes. The polyelectrolyte structure can thus 
affect the assembly of the subsequently deposited nanoparticles.  
 The effect of the ionic strength in the polyelectrolyte solutions on the LbL assembly 
process of polyelectrolyte/inorganic nanoparticle multilayers has been observed in 
several systems.[92, 94] Song et al. have observed that the LbL assembly of PAH and 
self-assembled monolayer (SAM)-modified gold nanoparticles was significantly affected 
by the ionic strength in the PAH solutions.[92] The gold nanoparticles were modified with 
a mixture of three SAM materials: one is hexanethiol (C6SH), one is 
ferrocenylhexanethiol (FcC6SH), and the other one is the mercaptoundecanoic acid 
(MUA). The buildup of thin film [PAH/SAM-Au]n can thus be followed by the 
electrochemical response of the ferrocene moiety attached to the Au particles. As shown 
in Figure 1.22(a), the total charge of the thin films, which is linearly proportional to the 
film thickness, is significantly affected by the ionic strength in the PAH solutions. 
According to these results, a high ionic strength would render a thick film.  
Similar to the ionic strength, the pH of a weak polyelectrolyte solution could also 
affect the LbL assembly of polyelectrolytes and inorganic nanoparticles.[92, 95, 96] As 
shown in the Figure 1.22(b), the buildup rate of the thin film [PAH/SAM-Au]n increases 
with the pH of the PAH solution. In other words, when the thin film was assembled in a 
PAH solution at a high pH, the film buildup rate is higher. This phenomenon was 
attributed to the ionization of the carboxylic groups on the gold particle surface at high 
pH, which favors the assembly of Au nanoparticles on the PAH surface.[92]  
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Figure 1.22 The effect of (a) the salt concentration in the PAH solution and (b) the pH of 
the PAH solution on the LbL assembly of [PAH/SAM-Au]n films. (The figure has been 
modified from the reference).[92]  
1.3.3.4. Effect of Ionic Strength and pH in Nanoparticle Suspensions 
The ionic strength and the pH of the nanoparticle suspensions can also 
significantly affect the assembly of nanoparticles by manipulating the interparticle and 
the particle-surface interaction forces. Generally, increasing the ionic strength of 
nanoparticle suspensions decreases the interparticle repulsive forces due to salt screening, 
and thus increases the adsorption rate of nanoparticles during LbL assembly.[21, 97-101] As 
shown in Figure 1.23, the buildup of [PDDA/SiO2]n was significantly improved by 
increasing the concentration of NaCl in the SiO2 suspensions.[98]   
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Figure 1.23 The effect of NaCl concentration in the SiO2 suspensions on the LbL 
assembly of [PDDA/SiO2]n films. (The figure has been modified from the reference.)[98]  
Unlike the ionic strength, the pH of the nanoparticle suspensions has a 
multifaceted effect on the assembly of the nanoparticles.[21, 46, 68, 85-87, 102-104] The surface 
charge of nanoparticles will change with the pH of the nanoparticle suspensions. As 
discussed in the previous sections, the assembly of nanoparticles has been shown to 
provide conflicting responses to the ζ-potential, due to the different balance between the 
interparticle repulsive forces and the particle-surface attractive forces. As shown in 
Figure 1.24, both the ζ-potential of the TiO2 and SiO2 are dependent on the pH of the 
colloidal suspensions, and the average bilayer thickness of thin film [TiO2/SiO2]n is also 
significantly affected by the pH of these two suspensions.[68]  
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Figure 1.24 (a) The ζ-potential of TiO2 and SiO2 nanoparticle suspensions as a function 
of the suspension pH, and (b) the effect of the pH of the TiO2 and the SiO2 suspensions 
on the average bilayer thickness of thin film [TiO2/SiO2]n. (The figure has been modified 
from the reference.)[68]  
1.3.4. Exponentially Grown LbL Film  
Up to date, two types of LbL thin films have been reported in the literature: 
linearly grown LbL (l-LbL) films and exponentially grown LbL (e-LbL) films. The first 
type of thin film, for which the thin film mass and thickness grow linearly with the 
number of deposition steps, is known as l-LbL growth. This type of thin film has been 
widely observed and studied, and its growth mechanism is well understood. Most of the 
thin films mentioned in the previous sections belong to the l-LbL growth category. 
Usually, the film buildup rate of l-LbL thin films is generally slow due to having the 
same assembly rate at every assembly step.  
It was recently discovered that the thin film mass and thickness can also grow 
exponentially with the number of deposition steps, and this type of LbL thin film has 
been called “e-LbL film”.[105, 106] Due to its exponentially growing nature, the thin film 
growth rate is enhanced significantly compared to l-LbL films. The e-LbL film was first 
reported for the polyelectrolyte multilayers (PEMs) containing biological organic 
materials.[105] Since then, the research on e-LbL thin films has experienced rapid growth. 
Not only have polyelectrolyte components with biological nature[105-107] been shown to 
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exponentially grow, but also other polyelectrolytes that have traditionally exhibited linear 
growth have been observed to undergo exponential growth under certain promoting 
conditions.[108-111] For example, as shown in Figure 1.25(a) and (b), the traditional 
linearly grown [PDDA/PSS]n multilayers can be transferred to e-LbL grown film by 
increasing the NaCl concentration[110] or increasing the temperature.[108] In addition, the 
l-LbL growth of [PEI/PAA]n films can also be transferred to e-LbL growth by assembling 
the PEI at high pH and the PAA at low pH.[109]  
 
Figure 1.25 (a) Ionic-strength-amplified e-LbL growth of [PDDA/PSS]n films,[110] (b) 
temperature-amplified e-LbL growth of [PDDA/PSS]n films,[108] and (c) pH-amplified 
e-LbL growth of [PEI/PAA]n films. (The figure has been modified from the 
reference.)[109]  
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The mechanism of the e-LbL growth has been attributed to the excess number of 
counter-ions available on the thin film surface due to the “in-and-out” diffusion of at least 
one of the polyelectrolyte components.[11, 112-117] For example, as shown in Figure 1.26, 
during the e-LbL assembly of poly(l-Lysine) (PLL) and hyaluronan (HA), the polycation 
PLL could diffuse into the thin film during the PLL deposition step (Figure 1.26(b) and 
(c)) and diffuse out to the thin film surface to absorb the excess amount of HA during the 
HA deposition step (Figure 1.26(e) and (f)).[112]  
 
Figure 1.26 Illustration of the diffusion of PLL during the e-LbL assembly of the 
[PLL/HA]n films. (The figure has been modified from the reference.)[112]  
The diffusion of polymer was demonstrated by observing the diffusion of 
fluorescent-labeled PLL during the e-LbL assembly of [PLL/HA]n using confocal laser 
scanning microscopy (CLSM). The PLL was labeled with fluorescein isothiocyanate 
(FITC), and the HA labeled with Texas red (TR). diffused through the whole film during 
the assembly, whereas did not diffuse. For example, during the LbL assembly of 
[PLL/HA]19-PLL20 thin film, the 19th layer of PLL and HA was labeled with fluorescent 
dyes, and they were denoted with PLL19-FITC and HA19-TR, respectively. As shown in 
Figure 1.27(a), the PLL labeled with FITC was observed through the whole film after the 
assembly, whereas the HA labeled with TR was only observed on top of the thin films. In 
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other words, the PLL19-FITC diffused through the whole film, but the HA19-TR did not 
diffuse. Similarly, as shown in Figure 1.27(b), the diffusion of PLL was also observed 
during the LbL assembly of [PLL/HA]25 containing PLL19-FITC and HA19-TR. 
 
Figure 1.27 Confocal laser scanning microscopy (CLSM) image of [PLL/HA]n thin films 
with labeled PLL and HA layers: (a) [PLL/HA]19-PLL20 containing PLL19-FITC (green 
color) and HA19-TR (red color), and (b) [PLL/HA]25 containing PLL19-FITC and 
HA19-TR. (The figure has been modified from the reference.)[112]  
Up to now, most of the e-LbL growth has been observed in polymeric or organic 
systems. It would be very promising to expand the e-LbL method to inorganic materials, 
since films grown by the LbL assembly of polyelectrolyte/inorganic nanomaterials have 
shown exceptional mechanical properties,[12, 116, 117] electrical properties,[63, 118] optical 
properties,[87, 119] as well as biological properties.[11, 105, 120] So far, there have been very 
few studies in the literature focusing on the e-LbL growth of polyelectrolyte/inorganic 
nanoparticle thin films. As shown in Figure 1.28(a) and (b), the e-LbL growth of hybrid 
thin films has been demonstrated by substituting every other PAA layer in [PEI/PAA]n 
e-LbL system with Na+-montmorillonite (MTM) nanosheets to prepare the 
[PEI/PAA/PEI/MTM]n tricomponent composite film,[116, 121] or by assembly of 
PAA-CaCO3 complex and PAH.[117] In both cases, the thin films were primarily 
composed of organic materials, instead of the inorganic materials.  
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Figure 1.28 e-LbL growth of thin films: (a) [PEI/PAA/PEI/MTM]n,[116] (b) 
[PAH/PAA-CaCO3]n,[117] and (c) CHI[PB/CHI]5[PB/GS]n.[11]  
1.4. Motivations and Scopes of Research 
It is believed that directly depositing ITO nanoparticles on substrates would 
increase the efficiency of ITO utilization and allow ITO coatings onto complex-shaped 
surfaces. LbL assembly provides an easy, versatile, and robust method for preparing 
hybrid thin films composed of polyelectrolytes and ITO nanoparticles. Despite the wide 
application of the LbL assembly method, the fundamental understanding of LbL 
assembly of hybrid thin films composed of polyelectrolytes and inorganic nanoparticle 
lags behind.[17, 21] Therefore, the main focus of this thesis is on the fundamental 
understanding of the LbL assembly process of polyelectrolytes and nanoparticles. The 
effect of pH, ionic strength, and the ζ-potential on the assembly of ITO nanoparticles will 
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be studied in Chapter 3 and 4. In addition, the unstable ITO colloidal suspensions was 
modified using PEI, and the effect of modification on the LbL assembly process will be 
discussed in Chapter 4. During the LbL assembly, a polyelectrolyte precursor layer was 
often assembled prior to the assembly of nanoparticles. In Chapter 4, the effect of 
precursor layer charges on the following nanoparticle assembly will be studied in details.  
Compared to other techniques, one of the drawbacks of LbL assembly method is 
that the buildup of thin film is rather slow due to its linear growth process. There is a 
need to develop e-LbL hybrid films composed of polyelectrolyte and nanoparticles. So 
far, there has not been a study on the e-LbL growth of thin film consisting of primarily 
inorganic nanoparticles. This kind of thin film is of the primary interest of this thesis 
because the interparticle connection is critical for achieving a desired functionality, such 
as obtaining optimal electrical conductivity.[63, 87] The e-LbL growth of bicomponent 
hybrid thin film [PEI/SiO2]n and [PAA/PEI-ITO]n will be discussed in Chapter 5.  
Preparation of functional materials and functional thin films are also of the 
interest of this thesis. In Chapter 6 and Chapter 7, conductive paper and transparent 
conductive thin films will be prepared by LbL assembly of [PSS/ITO]n thin films onto 




EXPERIMENTAL PROCEDURES  
 
This chapter gives the general details about the raw materials that were used for 
the LbL assembly, the sample preparation steps, and the characterization techniques. It 
does not include all of the experimental procedures. Some of the experimental procedures 
that are only applicable to one specific chapter will be described in that chapter.  
2.1. Materials 
 Branched PEI (Mw ~ 750 000 g/mol), PSS (Mw ~ 70 000 g/mol, pKa ~ −6.5 [122]), 
PAA (Mw ~ 100 000 g/mol), 11-mercaptoundecanoic acid (MUA), ITO nanoparticles 
(particle size = 10~100 nm, surface area ~ 27 m2/g), and LUDOX® AS-40 SiO2 colloidal 
suspensions (particle size ~ 30 nm, 40 wt%) were obtained from Sigma Aldrich. All of 
the materials were used as received without further purification. As shown in the 
transmission electron image (TEM) of the ITO nanoparticles (Figure 2.1), the size of ITO 
nanoparticles ranges from as small as 10 nm to as big as 100 nm. In other words, these 
ITO nanoparticles are polydispersed.   
 
Figure 2.1 TEM image of ITO nanoparticles obtained from Sigma Aldrich.  
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2.2. LbL Assembly Procedure 
2.2.1. Preparation of Polyelectrolyte Solutions 
All aqueous polyelectrolyte solutions, including PEI, PSS, and PAA solutions, 
were prepared using a similar method. They were prepared at a concentration of 0.02 
wt%, and the pH was adjusted to the desired value by using hydrochloric acid or sodium 
hydroxide. Unless specifically mentioned, 0.1 M NaCl was added into most of the 
polyelectrolyte solutions to maintain their ionic strength. All of the solutions were 
prepared using pure water (Millipore, resistivity ~18 MΩ⋅cm).  
2.2.2. Preparation of ITO Colloidal Suspensions 
Two types of ITO colloidal suspensions were prepared: unmodified ITO 
suspensions and PEI-modified ITO suspensions. The NaCl concentration for both kinds 
of suspensions was kept at 0.1 mM, and they were all prepared using pure water. The 
unmodified ITO suspensions were prepared by dispersing a certain amount of ITO 
nanoparticles into pure water, adding the NaCl, adjusting the pH of the suspensions to the 
desired value, and sonicating the suspensions for 10 min.  
The PEI-modified ITO suspensions were prepared in exactly the same way except 
PEI stock solution is used instead of pure water.. The PEI stock solution was prepared 
first to a concentration of 0.1 wt% and a pH of 8. This PEI stock solution was then 
diluted to prepare PEI-modified ITO suspensions with PEI:ITO weight ratios of 1:200, 
1:100, and 1:50. The NaCl concentration of the PEI-modified ITO suspension was also 
kept at 0.1 mM. 
 For easier description, unmodified ITO suspensions and PEI-modified ITO 
suspensions will be simply denoted as ITO suspension and PEI-ITO suspension in the 
following chapters.  
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2.2.3. LbL Assembly Procedure 
All of the LbL assembly experiments were conducted in a similar manner, 
regardless of the substrate. LbL thin films were prepared on different substrates, 
including QCM crystals, silicon wafers, cellulose fibers, and PET transparent slides. The 
LbL assembly process was thus composed of three main stages: 1) substrate surface 
treatment to activate the substrate surface, 2) LbL assembly of the polyelectrolyte 
precursor layer to reduce the substrate surface effect or to render a uniformly charged 
surface, [20, 46, 90, 98, 123] 3) LbL assembly of the hybrid polyelectrolyte/inorganic 
nanoparticle films. The process of substrate surface treatment will be described in the 
corresponding experimental sections or chapters. In addition, the details of the precursor 
layer deposition are similar to the LbL assembly process of the polyelectrolyte/inorganic 
nanoparticle hybrid films. Therefore, the LbL assembly process of the PSS and the ITO 
inorganic nanoparticle will be described here as an example of the LbL assembly 
procedure used.  
The LbL assembly process was conducted in a cyclic manner, during which the 
same assembly cycle was repeated for n times to assemble a thin film composed of n 
bilayers. For example, as shown in Figure 2.2, to assemble one bilayer of PSS/ITO, the 
substrate was first immersed in the PSS solution for 10 min, washed with pure water, 
blow dried with pure nitrogen gas, and then immersed in the ITO suspensions for 20 min, 
washed with pure water, blow dried with pure nitrogen gas. At this point, the process is 
counted as one assembly cycle, and one bilayer of PSS/ITO is thus prepared. By 
repeating this cycle for 10 times, a thin film composed of 10 bilayers of PSS/ITO can 
thus be prepared. For easier description, such a thin film is denoted as [PSS/ITO]10. The 
thin film growth on a substrate during the LbL assembly of hybrid thin film [PSS/ITO]10 
is shown in Figure 2.3.  
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Figure 2.2 Schematic of one cycle of the LbL assembly of PSS and ITO nanoparticle: (1) 
immersing the substrate in PSS solution, (2) cleaning the substrate with pure water, (3) 
drying the substrate with nitrogen, (4) immersing the substrate in ITO suspension, (5) 
cleaning the substrate with pure water, and (6) drying the substrate with nitrogen.  
 
Figure 2.3 Schematic of an LbL assembled [PSS/ITO]n thin film on a substrate. The thin 
film is composed of the polyelectrolyte precursor layer [PEI/PSS]n and the hybrid thin 
film [PSS/ITO]n. (The figure has been modified from the reference.)[63]   
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2.3. Characterization Techniques 
2.3.1. ζ-potential and Particle Size Analysis 
 In order to evaluate the stability of the colloidal suspensions and the surface 
charge of the inorganic nanoparticles, the ζ-potential and the particle size of the 
suspensions were investigated by using Zetasizer (Malvern Instruments, Nano-ZS) at a 
pH ranging from 2 to 12. The setup for the measurement of the ζ-potential and the 
particle size is illustrated in Figure 2.4. As shown in Figure 2.4(a), the ζ-potential was 
measured using the electrophoretic light scattering (ELS) technique. Using this technique, 
an external electric field is applied onto the colloidal suspension, and the electrophoretic 
mobility of the charged colloids can be evaluated by the frequency shift of an incident 
laser beam.[43] This electrophoretic mobility of the colloidal particles can be used to 
calculate the ζ-potential using an approximation model. Here, the Smoluchowski 
approximation was used because of the large particle size as compared to the Debye 
length.[45] In this thesis, the NaCl concentration used in all of the ITO colloidal 
suspensions was around 0.1 mM. At this ionic strength, the Debye length is around ~30 
nm,[47, 124] sufficiently smaller than the radius of ITO colloidal agglomerates (~200 nm in 
average according to size analysis). Therefore, this approximation is considered viable 
here, because when the pH of the colloidal suspensions was adjusted by adding 
hydrochloric acid or sodium hydroxide, the Debye length will be further reduced.   
 Similarly, in the colloids particle size can also be evaluated using the dynamic 
light scattering (DLS) technique (Figure 2.4(b)). According to this technique, the 
intensity fluctuation of the scattered light is related to the velocity of the Brownian 
motion of colloidal particles, which is related to the colloidal particle size. The 
measurement was done using a He-Ne laser (633 nm) at a measurement angle of 173°. 
The ITO suspensions at concentration of 0.01 wt% and 0.1 wt% has both been analyzed 
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for the particle size, and no apparent difference has been observed between these two 
solutions.  
 
Figure 2.4 Schematic of (a) the setup for the ζ-potential measurement and (b) the setup 
for the particle size measurement.    
2.3.2. Quartz Crystal Microbalance 
 The thin film buildup process was investigated using quartz crystal microbalance 
(QCM, Stanford Research System, Inc., QCM 200). QCM can be used to evaluate the 
mass of the LbL assembled thin film by measuring the change in the resonant frequency 
of the quartz crystal after each LbL assembly step. The frequency change of the crystal 
(-Δf) is linearly proportional to the mass change per area on the crystal surface (Δm/A), 









                                    (2.1) 
In this equation, ρq and μq represent the density and shear modulus of the crystal, and f0 is 
the initial resonance frequency and A is the electrode area.  
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 The quartz crystals used were AT cut crystals, coated with chrome/gold electrodes 
and resonating at 5 MHz at room temperature. In brief, the crystals were first cleaned 
with piranha solution (2:1 H2SO4:H2O2) (Caution! Piranha solution is extremely reactive 
and exothermic, and it should be handled with extreme care.) for 1 hour. The cleaned 
crystals were then immersed into 1 mM of MUA ethanol solution for over 24 hours to 
construct a self-assembled monolayer (SAM) of MUA on the gold electrode of the 
crystals. The SAM-modified crystals were then treated with 1 mM NaOH solution for 3 
minutes to render a negative surface charge on the crystal. The treated crystals were then 
used as the substrates for the LbL assembly. These crystals were cleaned with pure water 
and blow-dried with pure nitrogen prior to the QCM measurement after every assembly 
step. 
 The evolution of resonant frequency of QCM crystals during the LbL assembly 
process can be presented in two different types of graphs. The LbL assembly process can 
be followed either by the accumulated frequency change, -Δf, or the frequency change of 
every step, Δ(-Δf). As shown in the schematics of these two types of graphs in Figure 2.5, 
during the assembly of an ideal l-LbL film, the plot for the -Δf vs. LbL assembly steps is 
a straight line with a positive slope, whereas the plot for the Δ(-Δf) vs. LbL assembly 
steps is a flat line with a slope of zero. Each method has its own advantages. For 
example, the first method is suitable for characterizing an LbL process with a single 
growth regime, either linear growth or exponential growth. However, the second method 
is more suitable for characterizing an LbL deposition with multiple growth regimes, so 
that the two growth regimes can be distinguished more easily. This will be discussed 
more in the following chapters. 
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Figure 2.5 Schematic of two kinds of QCM result presentation for a linearly grown LbL 
film: (a) -Δf versus LbL assembly steps, and (b) Δ(-Δf) versus LbL assembly steps. 
2.3.3. Atomic Force Microscopy  
 Atomic force microscopy (AFM, Park Systems, XE-100E) was used for the surface 
topography characterization and the electrical property characterization of thin films. The 
non-contact AFM was used for the surface topography characterization, whereas the 
conductive-AFM was used for the electrical property characterization.  
2.3.3.1. Non-contact AFM  
 The surface topography was investigated using non-contact AFM of the samples in 
air. The AFM tips (NanosensorsTM, NCHR) exhibit a nominal tip radius smaller than 10 
nm, resonate approximately at 300 kHz, and have a spring constant around 40 N/m. The 
surface roughness was obtained from the AFM topography images. Because the surface 
roughness is scale-dependent, the scanning scale of the AFM images that were used for 
obtaining the roughness will also be presented.  
2.3.3.2. Conductive AFM  
 Conductive AFM can be used to investigate the electrical percolated network in the 
materials.[126, 127] As shown in Figure 2.6, a bias voltage was applied to the bottom of the 
sample, and both the topography and the current were detected on the top of the sample. 
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The detected current is the current that percolated through the thickness of the sample and 
represents the end of the percolation paths. By comparing the topography image and the 
current image, one can identify the component that formed the percolated network. The 
AFM tips (NanosensorsTM, NSC18/Cr-Au) used for conductive AFM were coated with 
Cr and Au, with a bulk resistivity of 0.01-0.05 Ω⋅cm, exhibiting a nominal tip radius 
around 50 nm, resonating approximately at 75 kHz, and exhibiting a spring constant 
around 3.5 N/m.  
 
Figure 2.6 Schematic of the setup for the conductive AFM experiment.[63] 
2.3.4. Scanning Electron Microscopy 
 The surface morphology of the samples was also investigated by scanning electron 
microscopy (SEM, LEO 1530 or Hitachi S800) at an accelerating voltage of 15 kV(LEO 
SEM) or 6 kV (Hitachi SEM). The elemental analysis was performed with energy 
dispersive spectroscopy (EDS). 
2.3.5. AC Impedance Spectroscopy  
The electrical property of some samples was evaluated by impedance 
spectroscopy. Using this technique, an AC electrical field (V) was applied through the 
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sample, and the AC current (I) was measured. The AC impedance (Z) of the sample can 
thus be calculated using the equation (2.2):[128] 













′ ′′= = = +
+
     (2.2) 
Both the voltage and current are sinusoidal signals, and for most of the materials, a phase 
shift (θ) can be observed between the voltage and the current, which is why the 
impedance is typically given as a complex number. The real impedance (Z′) and 
imaginary impedance (Z″) can either be plotted in the complex plane (Nyquist plot) or be 
plotted separately versus the frequency (Bode plot).  
Prior to the measurement, the dimensions of samples were determined. 
Conductive silver paint (SPI supplies) was then applied to each end of the sample to form 
the contact electrode. The applied silver paint was then dried in an oven at 80 °C for 10 
min to evaporate the non-conductive organic solvent. The impedance spectra were then 
collected between 10 mHz and 1 MHz using the frequency response analyzer (Solartron 
Instruments, SI 1260) combined with dielectric interface (Solartron Instrument, SI 1296). 
All of the spectra were collected using an AC voltage of 0.1 V without DC bias. 
Reproducibility was ensured by measuring at least three samples for each of the different 
conditions. 
The AC conductivity of samples, σAC, for the whole frequency range, can be 
calculated using equation (3.3) and the DC conductivity σdc can be derived from the low 
frequency end. In equation (3.3), L and A are respectively the path length and the 








         (2.3) 
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CHAPTER 3 
ENHANCING THE LBL ASSEMBLY OF PSS/ITO FILMS BY 
MODIFYING THE ITO PARTICLES USING PEI  
 
3.1. Introduction 
During the LbL assembly process, a colloidal suspension with high stability and 
high assembly rate is highly desirable.[102] The stability and the assembly rate of some 
colloidal suspensions can be significantly improved by modifying the nanoparticle 
surface with organic molecules through chemical adsorption.[129, 130]  For example, Au 
or HgTe colloidal suspensions can be stabilized by mercapto-ligands, and the assembly 
rate of particles can be significantly enhanced.[19, 131, 132] Normally, this surface chemical 
modification process was done during the colloidal particle synthesis process, and ligands 
can chemically attach onto the particle surface once the particles are synthesized, serving 
as both the colloidal suspension stabilizer and the particle surface modifier.  
During the LbL assembly of PSS and ITO, the ITO suspension was not very 
stable and that the small particles tended to agglomerate and precipitate after a short 
period of time. Therefore, one important objective is the stabilization of ITO colloidal 
suspension for the LbL assembly. The ITO suspension stability can be improved by 
modifying the ITO suspension with branched PEI.  PEI can be used as a colloidal 
suspension stabilizer because it can physically adsorb onto the negatively-charged 
particle surfaces.[51-53, 55] For example, PEI has been used as a dispersion stabilizer for 
many colloidal suspensions of nanoparticles with a negative surface charge such as Si,[52] 
TiO2,[51] Si3N4,[50] SiC,[133] and ZrO2.[54]  PEI has also been shown to affect the 
electrophoretic deposition behavior of TiO2 nanoparticles.[51] The large number of 
positively-charged polymer chains attached on the particle surface can provide strong 
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electrostatic and steric repulsive forces between particles, and thus stabilize the colloidal 
suspension. Improving the stability of the ITO colloidal suspension provides the 
opportunity to simultaneously enhance the growth rate of LbL assembled ITO thin films.  
This chapter demonstrates the stabilization of ITO suspension using PEI, and the 
enhancement of LbL assembly rate of [PSS/ITO]n films by using PEI-modified ITO 
suspensions at an appropriate PEI:ITO ratio.  
3.2. Experimental Procedure 
The stability of the ITO colloidal suspensions was evaluated by measuring the 
ζ-potential and analyzing the particle size of each suspension. The deposition rate of 
PEI-modified ITO during LbL assembly was compared with the unmodified ITO 
suspension, using QCM and AFM. The interaction between the PEI and the ITO surface 
was investigated using Fourier transform infrared spectroscopy (FTIR). The experimental 
procedures for ζ-potential measurement, particle size analysis, QCM, and AFM have 
been described in Chapter 2, and only the procedure for FTIR will be described here.    
3.2.1. Fourier Transform Infrared Spectroscopy 
The interaction between PEI and ITO was investigated using FTIR spectroscopy 
(Nicolet Instrument Corp., Nexus 870) at a resolution of 2 cm-1 with 300 scans. The FTIR 
sample of PEI-ITO was prepared by drying the PEI-ITO suspension on an IR-transparent 
CaF2 crystal. In order to intensify the signal, the more concentrated PEI stock solution 
was used to prepare the PEI-ITO suspension. In brief, 0.001g ITO nanoparticles were 
directly dispersed in 2 ml PEI 0.1wt% stock solution; a thin film was then made by 
drying a few drops of the prepared dispersion onto the CaF2 crystal, which is transparent 
to infrared light for wavenumbers between 4000 and 1000 cm-1. The transmission IR 
spectra of PEI-ITO and pure PEI were obtained for the range of 4000 to 400 cm-1. During 
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the sample preparation, the pH of the samples was neither maintained nor varied by 
purposely adding acid or base. 
3.3. Results and Discussion 
3.3.1. ITO Suspension Stabilization 
The ζ-potential and the particle size analysis of both the unmodified and 
PEI-modified ITO suspensions, at different PEI:ITO ratios obtained for pH values from 2 
to 12, are presented in Figure 3.1 and Figure 3.2, respectively. As shown in Figure 3.1, 
ITO nanoparticles in the ITO suspension were positively charged at a pH below 5. The 
positive ζ-potential value decreased with increasing pH and finally reversed to a negative 
value at a pH above 6. Therefore, the isoelectric point (IEP) of the ITO suspension, which 
is the pH value where the ζ-potential reverses sign, was around 5.5. On the other hand, 
when small amounts of PEI were added into the ITO suspension, the normally negatively 
charged ITO particle changed to positive surface charge, and the IEP of all of the 
PEI-ITO suspensions shifted to pH around 11, at which point the PEI is neutralized.[134] 
In other words, the pH range in which the ITO nanoparticles exhibited a positive surface 
charge was broadened by the PEI modification. Since PEI can present a positive charge 
even in acidic and mild basic environments,[134] the modified ITO suspension can thus be 
positively charged at a relatively high pH value. In addition, when the ratio of PEI:ITO 
was increased from 1:200 to 1:40, the ζ-potential of the suspensions also increased. For 
example, at pH around 6.5, the ζ-potential of PEI-modified ITO suspensions at PEI:ITO 
ratios of 1:200, 1:100, and 1:40 were 14.1, 19.1, and 26.2 mV respectively.  
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Figure 3.1 ζ-potential of the ITO and PEI-ITO suspensions at a pH range from 2 to 
12.[118]  
 
The particle size distribution of agglomerates in the nanoparticle suspensions can 
be used to evaluate the stability of the suspensions. Large agglomerates indicate an 
unstable nanoparticle suspension. As shown in Figure 3.2, in the ITO suspension, the 
majority of the particles at a pH below 4 were approximately 250 nm. These particles 
were small agglomerates composed of even smaller individual ITO nanoparticles 
(according to Figure 2.1, the particles are generally between 10 and 100 nm) and they 
were relatively stable in the suspension. At a pH above 4, the particles started to create 
larger agglomerates, and the particle size drastically increased to over 1000 nm. 
Therefore, the ITO suspension at the pH of 6.5 cannot be used for LbL assembly since 
this suspension is not stable. In contrast, in all the three PEI-ITO suspensions, the particle 
size drastically decreased at moderate pH range compared to the unmodified ITO 
suspension. It was found that the higher the PEI:ITO ratio in the PEI-ITO suspension, the 
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more stable the suspension became in the higher pH value. For example, at a pH around 9, 
the particle sizes of the unmodified suspension, and the PEI-ITO suspensions at PEI:ITO 
ratios of 1:200, 1:100 and 1:40 were 755, 378, 236, and 205 nm respectively. The 
suspensions became more and more stabilized as the PEI content was increased. In other 
words, the pH range in which a stable ITO colloidal suspension can be obtained was 
broadened due to the PEI modification. The stabilization of the ITO suspension due to the 
PEI modification is due to both electrostatic and steric repulsive forces between the PEI 
polymer chains on the ITO surface. PEI-ITO suspensions at different PEI:ITO ratios at a 
pH of 6.5 were then used to study the assembly rate. It is worth mentioning that the size 
values above 1000 nm were actually erroneous simulating results due to the extremely 
big agglomerate size. However, these values are still used here to compare with values 
from the stable suspensions.  
 
Figure 3.2 The particle size analysis of the ITO and the PEI-ITO suspensions at pH 
values ranging from 2 to 12.[118] 
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3.3.2. Interaction between PEI and ITO 
The particle-polymer interaction on the ITO particle surface will induce electron 
redistribution between the functional groups of PEI and the ITO surface. This electron 
redistribution could be detected using FTIR by examining the change of the functional 
group vibration peaks between pure PEI and the PEI that is attached onto the ITO 
surfaces. In the following sections, the PEI that is attached on the ITO surface is 
designated as PEI(ITO) for easier description. The IR spectra of both PEI and PEI(ITO) 
are shown in Figure 3.3 and Table 3.1, respectively, and the IR peaks were assigned 
according to referenced values.[135] As shown in Figure 3.3, the IR peaks related to the 
amine functional groups of PEI(ITO) showed a clear change in terms of both peak 
frequency and relative peak intensity, compared to the IR peaks of pure PEI. For example, 
the NH2 asymmetric and symmetric stretching peaks could be observed at 3357 and 3279 
cm-1 in the PEI spectrum, but only one broad peak was observed at 3257 cm-1 in the IR 
spectrum of PEI(ITO). Furthermore, only one broad NH2 scissoring peak could be 
observed at 1579 cm-1 in the PEI spectrum, but two adjacent peaks were observed at 1654 
and 1606 cm-1 in the PEI(ITO) spectrum. The new emerging peak at 1654 cm-1 is 
assigned to NH3+ scissoring bending.[136, 137] This peak is probably embedded in the broad 
peak of NH2 scissoring in the PEI spectrum, and it is intensified due to the adsorption 
onto the ITO surface. In addition, the peak intensity of the NH2 scissoring peak relative to 
CH2 scissoring peak drastically increased in the PEI(ITO) case, indicating the significant 
electron redistribution through the amine group.  
In contrast, most of the IR peaks related to the CH2 group in the two spectra did 
not show any obvious differences. As can be seen in Figure 3.3, the CH2 asymmetric 
stretching and CH2 symmetric stretching peaks slightly shifted to higher frequency in 
PEI(ITO) but maintained the same relative peak intensity. However, CH2 scissoring, CH2 
wagging, and CH2 twisting peaks remained at the same frequency in both spectra. The 
relative peak intensity between CH2 wagging and CH2 twisting increased for PEI(ITO), 
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which can be attributed to the conformational change of PEI chains on the ITO 
surface.[55] 
 
Figure 3.3 The FTIR spectra of (a) PEI, and (b) PEI(ITO). In the spectra, the meaning of 
the labels is as follows: asym. = asymmetric, sym. = symmetric, str. = stretching, sci. = 
scissoring, wag. = wagging, and twi. = twisting.[118]  
 
The peaks related to NH2 changed much more significantly than those related to 
CH2, suggesting that the interaction between PEI and ITO is dominated by the interaction 
between the amine groups of PEI and the ITO particle surface. Previously, it has been 
found that the interaction between amine groups and oxide surface can be contributed by 
many types of forces, including electrostatic force between protonated amine group and 
the negative surface charge,[138, 139] hydrogen bonding between amine groups and surface 
hydroxyl groups,[140] and correlation bonding between Lewis base of N atoms in PEI and 
Lewis acid of metal ions on particle surface.[54, 140] It is out of the scope of this thesis to 
exactly identify which type of interaction force is dominant during the PEI adsorption on 
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the ITO surface. However, the intensification of NH3+ scissoring peak at 1654 cm-1 
indicates that the electrostatic force might contribute significantly to the interaction 
between PEI and negatively charged ITO surface. 
 
Table 3.1 IR vibration peaks of PEI with and without ITO nanoparticles.[118] 
Peaks PEI (cm-1) PEI with ITO (cm-1) 
NH2 asymmetric stretching 3357 -- 
NH2 symmetric stretching 3279 3257 
NH2 scissoring 1579 1606 
NH3+ scissoring -- 1654 
C-N stretching 1129 1118 
CH2 asymmetric stretching 2933 2947 
CH2 symmetric stretching 2882 -- 
N-C-H stretching 2812 2821 
CH2 scissoring 1457 1454 
CH2 wagging 1354 1354 
CH2 twisting 1297 1294 
 
3.3.3. Enhanced Assembly Rate of ITO 
The assembly rate of ITO nanoparticles during the LbL process was investigated 
using QCM. The frequency change (i.e., -Δf) of QCM crystals, which was measured after 
each step of LbL assembly, is linearly proportional to the change of mass on the crystals 
due to a rigid-film deposition.[125] The accumulated frequency changes of all LbL 
assembly layers from all suspensions are shown in Figure 3.4. In this figure, all of the 
odd-numbered assembly layers are PSS assembly layers, and all of the even-numbered 
assembly layers are ITO assembly layers. As shown in the figure, the -Δf increased 
linearly during the LbL assembly. In addition, the increase of -Δf during the PSS 
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assembly steps was almost negligible compared to that during the ITO assembly steps, 
which means that a relatively small amount of PSS was assembled compared to the ITO 
nanoparticles. This phenomenon has also been observed in other studies, such as the LbL 
assembly of PEI and proteins,[120] PSS and TiO2 nanoparticles,[141] and 
polydimethyldiallyl ammonium chloride (PDDA) and SiO2.[141] This result is not 
unexpected since the ITO-coated surface is less positive than the PEI-coated surface,[63] 
and the available number of positive sites on the ITO nanoparticles will be fewer than 
that for the hyperbranched PEI chains.   
The ITO assembly rate from PEI-ITO suspensions was significantly affected by 
the PEI content. According to Figure 3.4 and Table 3.2, the Δ(-Δf) of ITO assembly from 
the PEI-ITO suspensions at the PEI:ITO ratio of 1:200 was 135±28 Hz, exhibiting more 
than twice the frequency change, as compared to the assembly from the unmodified ITO 
suspension. In addition, the increase of PEI:ITO ratio to 1:100 slightly decreased the 
average Δ(-Δf) of ITO assembly steps, while further increase in the PEI concentration 
significantly decreased the ITO assembly rate. One of the reasons for this phenomenon is 
probably related to the presence of extraneous PEI chains in the colloidal suspension 
during the PEI modification.[142] In this case, due to the higher diffusivity of polymer 
chains, the surface assembly will be dominated by the PEI adsorption, and thus fewer 
nanoparticles can be adsorbed during one step. In contrast, at the PEI:ITO ratio of 1:200, 
there were more ITO nanoparticles than the PEI chains could completely cover and few if 
any PEI chains were left in the suspension. Therefore, only the PEI-ITO nanoparticles 
could diffuse to the substrate surface. Another possible reason is the modest interparticle 
repulsive force between the PEI-ITO nanoparticles when the PEI:ITO ratio is at 1:200. 
Higher PEI:ITO ratio will increase the particle surface charge, which will introduce 
stronger interparticle repulsive force and thus decrease the assembly rate. This will be 
discussed further in the following section.  
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Figure 3.4 The -Δf of QCM crystals during LbL assembly of PSS and either ITO or 
PEI-ITO.[118]  
 
Table 3.2 The QCM and AFM results for ITO assembly of ITO, and PEI-ITO at PEI:ITO 
ratios of 1:200, 1:100, and 1:40.[118]   
Sample Average Δ(-Δf) of ITO steps (Hz) 
Surface coverage 
(%) 
RMS roughness a 
(nm) 
Unmodified ITO 64±26 2.4 ±0.6 6.8±1.6 
PEI:ITO = 1:200 135±28 8.3±0.4 21.4±3.2 
PEI:ITO = 1:100  120±20 7.2±0.5 16.3±4.8 
PEI:ITO = 1:50 41±8 4.0±0.3 13.9±2.5 
a The roughness is obtained from the AFM (10 μm ×10 μm) images.  
3.3.4. Enhanced Substrate Surface Coverage 
The assembly rate of ITO nanoparticles during the LbL process was further 
examined by coating silicon wafers with one layer of ITO from the same ITO 
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suspensions used for the QCM experiments, and observing the wafer surface coverage by 
ITO nanoparticles using AFM. The AFM topography images of silicon wafers that were 
coated from either the ITO or PEI-ITO suspensions at different PEI:ITO ratios for one 
bilayer are shown in Figure 3.5. As shown in Figure 3.5(a), only a few nanoparticles can 
be observed on the wafer that was coated using the unmodified ITO suspension. When 
the PEI:ITO ratio was 1:200 or 1:100, many more nanoparticles can be adsorbed onto the 
wafer during one step from the PEI-ITO suspensions (Figure 3.5(b) and (c)). However, 
when the PEI:ITO ratio reached to 1:40, the ITO nanoparticles that were adsorbed during 
one step significantly decreased (Figure 3.5(d)). According to Table 3.2, the surface 
coverage of silicon wafers that were coated from the PEI-ITO suspension at the PEI:ITO 
ratio of 1:200 exhibited the highest surface coverage ratio of 8.3% and the highest surface 
root-mean-square (RMS) roughness of 21.4 nm due to the assembled nanoparticles. 
Therefore, the PEI-ITO suspension at the PEI:ITO ratio of 1:200 exhibited the highest 
assembly rate.  
The QCM result suggests that about twice the amount of ITO nanoparticles were 
deposited onto the substrate surface during each LbL step from the PEI-ITO suspension, 
compared to that from the unmodified ITO suspension. This technique measures the mass 
of nanoparticles that were deposited on the crystal surface during multiple LbL bilayers. 
However, after the first step of assembly, the surface coverage on the silicon wafers was 
found to be more than three times the number of nanoparticles for the PEI-ITO 
suspension at PEI:ITO ratio of 1:200 than that for the ITO suspension. This discrepancy 
can be attributed to the fact that the QCM results were obtained after multiple bilayers of 
deposition, whereas the AFM result was obtained from the first bilayer only.  In addition, 
the AFM image analysis only takes into account the 2-D surface area that is covered by 
nanoparticles, whereas the QCM analysis evaluates the 3-D volume of all nanoparticles.   
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Figure 3.5 AFM images of silicon wafers coated with one bilayer of PSS and (a) 
unmodified ITO and PEI-ITO at PEI:ITO ratios of (b) 1:200, (c) 1:100, and (d) 1:40. The 
brightness and the contrast of all four images were adjusted to the same value for better 
comparison.[118] 
3.3.5. Mechanisms for Enhanced ITO Assembly Rate  
One of the reasons for the enhanced assembly rate is due to using the same pH 
condition between PSS solution, PEI-ITO suspension and the washing water. During the 
LbL assembly of PSS and ITO, ITO was assembled at a pH of 2.7. However, the 
subsequent washing and PSS assembly steps were both performed at higher pH value 
(pH~5.6 for the washing water, and pH~6.5 for the PSS assembly). This pH discrepancy 
between assembly steps will lessen the layer-to-layer interaction forces due to the 
decrease of the ITO surface charge when pH increases.[63, 104]  The interaction between 
the ITO and the PSS layers is then less electrostatically attractive or even repulsive, due 
56 
to the lower and finally reversed surface charge of ITO at a higher pH. Researchers have 
tried to resolve this issue by adjusting the pH of the washing water to fit with the 
assembly steps so that the substrate could be washed under the same pH as the assembly 
solution.[143, 144] However, this method will only keep the surface charge of the substrate 
the same during the assembly and washing step. Once the substrate has been dipped into 
the new solution at a different pH value, the surface charge of the substrates will 
immediately change so that the interaction forces between different layers will change. In 
addition, it is not very convenient to frequently adjust the pH of washing water during the 
assembly process. One of the advantages of this method is that both the PSS and the 
PEI-ITO can be assembled at similar pH around neutral value. Therefore, no pH 
adjustment is necessary during the entire assembly process, and the interaction between 
two adjacent layers will not change as the LbL assembly proceeds.  
Another reason for an enhanced assembly rate of PEI-ITO is due to the enlarged 
interaction site between the PEI-ITO nanoparticle and the PSS polymer chains. In Figure 
3.6, the interaction between the PSS layer and either the unmodified ITO or the PEI-ITO 
layer are illustrated. When the ITO is used for the LbL assembly, the number of 
interaction sites between the ITO layer and the PSS layer are limited due to the small ITO 
surface area. In addition, the interaction force between PSS and ITO layers is mainly due 
to the electrostatic force from the oppositely charged PSS layers and ITO layers. This 
interaction force tends to decrease during the LbL process due to the pH value 
discrepancy between the ITO and PSS assembly steps. On the other hand, when the 
PEI-ITO is used for the LbL assembly, the number of interaction sites between the PSS 
layer and the PEI-ITO layer are significantly enlarged due to the presence of numerous 
dangling PEI polymer chains surrounding the ITO nanoparticles. In addition, the 
interaction force between the two adjacent layers is now not only contributed by the 
electrostatic attraction between the PEI and PSS, but also contributed by the polymer 
chain entanglement and interpenetration. The interaction force between PSS and PEI-ITO 
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is thus much stronger than that between PSS and unmodified ITO, and this force will not 
change during the assembly since both the PEI-ITO layer and the PSS layer are 
assembled at the same pH.  
 
Figure 3.6 The interaction between the ITO layer and the PSS layer during two LbL 
experiments: (a) LbL assembly of ITO and PSS, and (b) LbL assembly of PEI-ITO and 
PSS.[118] 
The third likely reason for the enhanced assembly rate of the PEI-ITO is the mild 
interparticle repulsive forces between PEI-ITO nanoparticles. As shown in Figure 3.1, the 
ζ-potentials of the ITO suspension at a pH of 2.7 and the PEI-ITO suspension at a pH of 
6.5 at the PEI:ITO ratio of 1:200 are around 28 and 15 mV, respectively. The PEI-ITO 
surface at a pH of 6.5 is less charged than that of the unmodified ITO at a pH of 2.7. 
Therefore, the repulsive forces between nanoparticles in the modified suspension will be 
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less strong than those in the unmodified suspension. Previously, it has been found during 
simulation studies that the strong electrostatic repulsive forces make it impossible for the 
nanoparticles to fully cover the substrate surface during one assembly step.[145] In other 
words, a weaker repulsive force between nanoparticles will favor the nanoparticle 
adsorption during the LbL assembly. This phenomenon has also been found to occur 
when SiO2 and TiO2 nanoparticles were LbL assembled.[68] In addition, this phenomenon 
also explains why the assembly rate of PEI-ITO at PEI:ITO ratios of 1:100 and 1:40 is 
lower than that of PEI-ITO at PEI:ITO ratio of 1:200, since the ζ-potential of the 
modified suspension increases from 15 to 26 mV when the PEI:ITO ratio increased from 
1:200 to 1:40.  
3.4. Conclusions 
PEI was used to modify the ITO colloidal suspensions to enhance the ITO 
assembly rate during the LbL assembly. Due to the PEI modification, the ITO suspension 
became stable over a wider pH range, keeping a positive surface charge and a relatively 
stable particle size. With higher PEI content, the pH range to obtain a stable suspension is 
wider. FTIR results suggest that the interaction between PEI and ITO is dominated by the 
interaction between amine groups of PEI and the ITO particle surface. 
The ITO assembly rate from unmodified and PEI-modified ITO suspensions was 
compared by measuring the resonant frequency change of QCM crystals during the LbL 
assembly and by calculating the surface coverage of silicon wafers that are coated with 
one layer of ITO nanoparticles from AFM images. According to the QCM results, 
approximately twice the amount of ITO can be adsorbed during one single assembly step 
from the PEI-ITO suspension at the PEI:ITO ratio of 1:200 than that from the unmodified 
ITO suspension. The AFM results suggest that when the PEI:ITO ratio is 1:200, the 
surface coverage by one layer assembly of ITO nanoparticles is more than three times 
higher for the PEI-ITO suspension than for the unmodified suspension. However, when 
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the PEI:ITO ratio is increased beyond 1:200, the assembly rate of the PEI-ITO 
significantly decreased probably due to the excess amount of PEI polymer chains 
remaining in the colloidal suspensions that could interfere with the ITO nanoparticle 
deposition, as well as the increased interparticle repulsive force due to the increased 
surface charge intensity.  
The enhanced assembly rate is attributed to three reasons. First, the enhanced ITO 
assembly rate is attributed to the non-decreasing electrostatic interaction force between 
the PSS and PEI-ITO during the LbL assembly process because the PSS assembly step, 
PEI-ITO assembly step, and the washing step are performed under similar pH conditions. 
Second, the improvement is also attributed to the larger number of interaction sites 
present between the PEI-ITO and the PSS, as well as the polymer chain entanglement and 
interpenetration between the PEI-ITO and PSS layers. Third, low repulsive forces 
between the mildly charged nanoparticles in the PEI-ITO suspension at the ideal PEI:ITO 
ratio also contributed to the high assembly rate.  
This chapter addressed the weak interaction between the nanoparticles and the 
polyelectrolyte layer during LbL assembly by modifying the colloidal suspension with 
PEI, and thus the assembly rate was much enhanced by using a modified suspension 
containing an ideal PEI:ITO ratio. 
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CHAPTER 4 
THE EFFECT OF PRECURSOR-LAYER SURFACE CHARGE ON 




During the LbL assembly of hybrid thin films that are composed of 
polyelectrolytes and inorganic nanoparticles, one often assembles a precursor layer that is 
composed of several bilayers of polyelectrolytes before the beginning of inorganic 
nanoparticle deposition, to reduce the substrate surface effect or to render a more 
uniformly charged surface.[20, 46, 90, 98, 123] This precursor layer is believed to facilitate the 
subsequent nanoparticle adsorption,[20, 90] however, no detailed studies have been found to 
support this hypothesis.[46] To date, there has been no detailed study about the effect of 
the precursor polyelectrolyte layer on the subsequent nanoparticle assembly.  
This chapter focuses on the effect of the polyelectrolyte precursor layer 
[PEI/PSS]4 on the LbL assembly of [ITO/PSS]9.5 films at various pH and ionic strength 
conditions. It is shown that the surface charge of the precursor layer could change from 
negative to positive if the ITO is deposited at a pH value lower than that of PSS 
deposition. The changed surface charge of the precursor layer results in a two-regime 
LbL assembly process, and thus the precursor layer surface charge significantly affects 
the first regime of “recovery regime”, whereas the second regime of “linear growth 
regime” is unaffected. The ionic strength in the PSS solution also only affects the length 
of the “recovery regime” when unmodified ITO is used, and the film buildup rate in the 
“linear growth regime” is unaffected.   
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4.2. Experimental Procedures 
The surface charge of precursor layers was studied by using electrochemical 
impedance spectroscopy (EIS), and the LbL assembly process was studied by using QCM 
and AFM. The polyelectrolyte solution and the ITO colloidal suspensions were prepared 
by following the same procedures described in Chapter 2. The ζ-potential measurement, 
QCM, and AFM study were also conducted by following the same procedure described in 
Chapter 2. Therefore, only the EIS procedure will be described here. 
4.2.1. Electrochemical Impedance Spectroscopy 
The surface charge of precursor layers was investigated by using EIS. EIS was 
used to detect the surface charge of thin films on working electrodes of three-electrode 
EIS cells. Basically, the electron transfer resistance of the redox couple of 
ferricyanide/ferrocyanide, [Fe(CN)6]3-/4-, on the working electrode will be sensitive to the 
surface charge.[107, 146] Due to the repelling force between the negative surface charge and 
the negative redox ions, the electron transfer resistance of a negatively charged surface 
will be much higher than that of a positively charged surface.  
A commercially available conductive ITO glass (surface area ~ 0.1 cm2, surface 
resistance ~2 Ω/square) was used as the working electrode for the electrochemical 
measurements. The ITO electrode was cleaned with acetone, isopropanol, then sonicated 
in KOH/Alconox (1:1) mixing solution for over 2 h, flushed with pure water, and dried 
with pure nitrogen gas. The ITO glass electrode was then coated with a precursor layer of 
[PEI/PSS]4 following the same procedure as described in the previous section. The 
precursor-layer modified ITO electrode was then used for the electrochemical 
measurements.  
Here, a conventional three-electrode cell, consisting of the precursor-layer 
modified ITO working electrode, a platinum wire counter electrode, and a saturated 
calomel electrode (SCE) as the reference electrode, was used for the electrochemical 
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measurement. The SCE reference electrode was connected to the working volume with a 
Luggin capillary to avoid cross contamination. All potentials were reported with respect 
to the SCE. The EIS measurement was performed using an electrochemical impedance 
analyzer and potentiostat (EG&G, Model 6310). The EIS measurement was performed in 
5mM [Fe(CN)6]3-/4- (1:1) – 0.1 M KCl – 10 mM phosphate buffer (pH 7 or pH 5) 
solutions. The impedance spectra were recorded at the open potential of -140 mV, 
frequencies ranging from 100 kHz to 10 mHz. The experimental data were simulated 
using equivalent circuits with the Zview software.[147]  
4.3. Results and Discussion 
4.3.1. EIS Characterization of Surface Charge  
EIS can be used to characterize the surface charge of organic layers on working 
electrodes.[107, 146] When the organic layer is negatively charged, the diffusion of 
[Fe(CN)6]3- and [Fe(CN)6]4- ions to the electrode will be hindered due to the repelling 
force between the negatively charged surface and the negatively charged redox ions. On 
the other hand, when the organic layer is positively charged, the diffusion process will be 
promoted due to the attractive force between the positively charged surface and the 
negatively charged redox ions. This prevention/promotion of redox ion diffusion towards 
the working electrode can be characterized by the charge transfer resistance, Rct, of the 
redox reaction between [Fe(CN)6]3- and [Fe(CN)6]4-. A larger Rct indicates the prevention 
of the ion diffusion to the surface and thus the formation of a negatively charged surface, 
whereas a smaller Rct indicates the promotion of ion diffusion and thus a positively 
charged surface. Usually, the difference in values for Rct between the negatively and 
positively charged surfaces is several orders of magnitude. Figure 4.1 depicts the effect of 
the precursor layer [PEI(8.5)/PSS(6.5)]4 on the diffusion of redox ions towards the 
electrode surface. When the precursor layer is immersed in a solution at a pH above the 
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pH of the PSS solution, which is 6.5, the precursor layer is negatively charged due to the 
outermost PSS layer. Under this condition, the redox ions will be repelled from the 
electrode surface, and the Rct should be high. On the other hand, if the precursor layer is 
immersed in a solution at a pH below 6.5, the PEI chains will significantly gain positive 
charges, and the precursor layer surface will convert into a positively charged surface. 
This positively charged precursor layer will attract the redox ions to the electrode surface 
and thus significantly reduce the Rct. In addition, the different interaction between the 
precursor layer surface and the redox ions will result in different thicknesses for the 
interaction layer, tdl, that provides the double layer capacitance Qdl, for the charge transfer 
resistance. As shown in Figure 4.1, the interaction layer thickness is larger when the 
precursor layer is negatively charged at a pH above 6.5, which will result in a smaller 
double layer capacitance than for when the interaction layer is thinner. 
  
Figure 4.1 Schematics of the effect of the precursor layer [PEI(8.5)/PSS(6.5)]4 on the 
[Fe(CN)6]3-/4- redox reaction. The precursor layer (a) repels the redox ions at the pH 
above 6.5 due to the negatively charged surface or (b) attracts the redox ions at the pH 
below 6.5 due to the positively charged surface.[148] 
The EIS spectra for the redox reaction in the presence of 5 mM [Fe(CN)6]3-/4- at 
the pH of 5 and 7 are shown in Figure 4.2. In this figure, the Nyquist impedance plot and 
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the phase angle Bode plot are shown. The EIS spectra were simulated using the expected 
equivalent circuit for a charge transfer resistance process.[149] The equivalent circuit, 
shown as an inset in Figure 4.2(a), consists of a solution resistance Rs, a charge transfer 
resistance Rct, a constant phase element Qdl for the double layer capacitance, and a 
Warburg impedance element. Using this equivalent circuit, both the impedance and the 
phase angle data were simulated very well. The simulation results are summarized in 
Table 4.1. As shown in the table, the solution resistance Rs is very similar at the pH of 7 
and 5. However, the Rct of the redox reaction at the pH of 7 is almost 100 times larger 
than that at the pH of 5. This suggests that the precursor layer surface at the pH of 7 is 
negatively charged, whereas the surface at the pH of 5 is positively charged. In addition, 
the double-layer capacitance at the pH of 5 is 8.1 μF, two times larger than that at the pH 
of 7, which is around 3.8 μF. This indicates that the diffusion layer of the redox ions on 
the electrode surface at a pH of 7 is thicker than that at the pH of 5, as illustrated 
schematically in Figure 4.1.  
 
Figure 4.2 (a) The Nyquist impedance plot and (b) the Bode plot of phase angle for the 
EIS measurement in the presence of 5 mM [Fe(CN)6]3-/4- at the pH of 5 and 7. The 




Table 4.1 The simulation results of the EIS measurement on precursor layer at the pH of 
5 and 7 .[148] 
pH Rs (Ω) Rct (kΩ) 
Qdl (CPE-T) a 
(μF) Qdl (CPE-P) 
a 
7 130 ~121 3.8 0.76 
5 160 ~1.5 8.1 0.72 
a The double layer capacitance is simulated with a CPE element.[147] This element is essentially an 
imperfect capacitance, and it is composed of two components CPE-T and CPE-P. The CPE-T 
represents the capacitance value, and it is used to evaluate the redox ion diffusion. The CPE-P is a 
constant that ranges from 0 to 1, and a value close to 1 indicates the CPE element is close to an 
ideal capacitor.  
 
4.3.2. Assembly of [ITO/PSS(6.5)]9.5 on the Precursor Layer [PEI(8.5)/PSS(6.5)]4  
The assembly of the [ITO/PSS(6.5)]9.5 thin films on the precursor layer of 
[PEI(8.5)/PSS(6.5)]4 was studied using QCM. Three ITO suspensions at different pH, 
ITO(2.9), ITO(4), and PEI-ITO(7), were used for studying the precursor layer effect on 
the assembly of [ITO/PSS(6.5)]9.5 films. As shown in Figure 4.3(a), the frequency change, 
-Δf, during the buildup of the precursor layer is quite similar for all three films. However, 
the assembly processes of [ITO/PSS(6.5)]9.5 using the different ITO suspensions are 
vastly different. In order to reveal the assembly process in more detail, one needs to 
present the frequency change of each assembly step, the Δ(-Δf). According to Figure 
4.3(a), the increase of -Δf is mainly contributed by the ITO assembly step. Therefore, 




Figure 4.3 The QCM results during the assembly of [ITO/PSS(6.5)]9.5 on the precursor 
layer [PEI(8.5)/PSS(6.5)]4 using ITO(2.9), ITO(4), and PEI-ITO(7) suspensions: (a) the   
-Δf of the whole LbL assembly process, and (b) the Δ(-Δf) of every ITO assembly steps. 
The transition points between the first regime and the second regime are indicated by the 
arrows in (b).[148]  
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As shown in Figure 4.3(b), the assembly process of ITO(2.9) and ITO(4) can be 
divided into two regimes. In the first regime, the Δ(-Δf) increases with an increasing 
number of assembly bilayers, and the Δ(-Δf) reaches a relatively constant value in the 
second regime. The first regime is called the “recovery regime”, which will be explained 
later. The second regime is called the “linear growth regime”, in which the thin film 
grows linearly. The assembly step at which the assembly process transfers from the first 
to the second regime is called the “transition point”. As shown in Figure 4.3(b), this 
transition point occurs at the 9th ITO layer during the assembly of ITO(2.9) solutions, 
whereas this transition occurred at the 3rd ITO layer during the assembly of ITO(4) 
solutions. Interestingly, the buildup of [PEI-ITO(7)/PSS(6.5)]9.5 only exhibits one regime, 
the “linear growth regime”. The LbL assembly conditions and the LbL assembly process 
of all of the films are summarized in Table 4.2. 
Table 4.2 Summary of the composition, the assembly conditions, and the thin film growth 
process of the LbL assembled ITO-PSS thin films.[148] 



















[PEI(8.5)/PSS(6.5)]4 [ITO(2.9)/PSS(6.5)]9.5 0.1 M 9 / 1 570 Hz 
[PEI(8.5)/PSS(6.5)]4 [ITO(2.9)/PSS(6.5)]9.5 0 10 / 0 − 








0 10 / 0 157 Hz a 
[PEI(2.9)/PSS(2.9)]4 [ITO(2.9)/PSS(2.9)]9.5 0.1 M 10 / 0 582 Hz 
[PEI(2.9)/PSS(2.9)]4 [ITO(2.9)/PSS(2.9)]9.5 0 10 / 0 597 Hz 
a The average Δ(-Δf) during the “linear growth regime” for film [PEI-ITO(7)/PSS(6.5)]9.5 when 
PSS was assembled in a solution without NaCl was taken from the last 9 PEI-ITO layers.  
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The LbL assembly process was also observed by AFM imaging. As shown in 
Figure 4.4, the film buildup process for [ITO/PSS(6.5)]9.5 on the precursor layer 
[PEI(8.5)/PSS(6.5)]4 using the different ITO suspensions is vastly different. Prior to the 
5th ITO layer, the buildup rate of the thin film is obviously much faster for the ITO 
suspension at the higher pH. As shown in Figure 4.4(a), during the assembly of ITO(2.9), 
only a few relatively large agglomerates were deposited onto the surface after the first 
ITO layer, and the deposited particles could not cover the whole surface even after the 
fifth ITO layer. On the other hand, during the assembly of ITO(4), no large agglomerates 
were observed on the surface after the first ITO layer, but many more small ITO particles 
were observed. The film coverage of the substrate surface, prior to the fifth ITO layer 
during the assembly of ITO(4), is much higher than that during the assembly of ITO(2.9). 
Furthermore, during the assembly of PEI-ITO(7), the film buildup rate prior to the fifth 
ITO layer is even faster, and five ITO layers are sufficient to fully cover the substrate 
surface. The buildup of the film [PEI-ITO(7)/PSS(6.5)]4.5 started with an island-like 




Figure 4.4 The AFM images of LbL films after the 1st, 3rd, 5th, and 10th layers of ITO 
when the (a) ITO(2.9), (b) ITO(4), or (c) PEI-ITO(7) solutions were used for the LbL 
assembly.  All of the AFM images were acquired using the same scanning scale of 5×5 
µm and the same height scale.[148] 
4.3.3. Explanation of the Precursor-layer Controlled Nanoparticle Assembly  
The effect of the precursor layer [PEI(8.5)/PSS(6.5)]4 on the assembly of 
[ITO/PSS]9.5 can be explained by the different surface charge of the precursor layer. As 
suggested by the electrochemical results, the precursor layer surface is negatively charged 
when the pH of ITO suspensions is above 6.5, whereas this surface is positively charged 
when the pH of ITO suspensions is below 6.5. Furthermore, this positive surface charge 
density is dependent on the pH of ITO suspensions. The lower the pH of the ITO 
suspensions, the higher the positive surface charge due to the increased charged density 
of every PEI chain. Therefore, the film buildup process is significantly dependent on the 
pH of the ITO suspensions. As illustrated in Figure 4.5(a), during the assembly of 
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ITO(2.9) and ITO(4), the positively charged ITO nanoparticles cannot easily deposit onto 
the positively charged precursor layer due to the repelling electrostatic forces. This is 
why only few agglomerate particles were observed on the substrate after the first ITO(2.9) 
layer (Figure 4.4(a)). On the other hand, during the assembly of ITO(4), the surface 
positive charge is not as high as that at the pH of 2.9, so the amount of ITO nanoparticles 
deposited on the substrate after the first ITO layer was increased (Figure 4.4(b)).  
Because all of the PSS layers during the assembly of [PEI/PSS]4[ITO/PSS]9.5 
were deposited at the pH of 6.5, a few more PSS layers were needed after the first ITO 
layer to compensate for the positive surface charges that were developed when the ITO 
was first deposited using either the ITO(4) or the ITO(2.9) solution. This is why the first 
regime of the assembly process, where the Δ(-Δf) increases with the number of assembly 
bilayers, is named the “recovery regime”. Depending on the pH of the ITO suspension, 
the number of PSS layers needed to compensate for the positive surface charge and to 
recover the negative surface charge is different. If the ITO is assembled in the ITO(2.9) 
solution, more PSS assembly steps will be needed to recover the highly positively 
charged precursor layer surface. This is why the “recovery regime” during the assembly 
of ITO(2.9) required more assembly steps than that during the assembly of ITO(4) 
(Figure 4.3 and Table 4.2). Furthermore, during the assembly of PEI-ITO(7), the 
precursor layer is negatively charged due to the unchanged positive charge of PEI chains. 
As a result, almost no extra positive charges in the precursor layer need to be 




Figure 4.5 Schematics of the assembly process of the first ITO layer on the precursor 
layer [PEI(8.5)/PSS(6.5)]4 using different ITO suspensions. (a) During the assembly of 
ITO(2.9) and ITO(4), the precursor layer is positively charged, and the positively charged 
ITO cannot easily deposit onto the surface due to the repelling electrostatic forces; (b) 
during the assembly of PEI-ITO(7), the precursor layer is negatively charged, and the 
positively charged PEI-ITO can easily deposit onto the surface due to the attractive 
forces.[148] 
Unlike the thin film growth in the “recovery regime,” the film buildup rate in the 
“linear growth regime” is not related to the surface charge of the precursor layer.  
Instead, it is related to the particle-surface interaction forces.[91, 118, 150] When the 
unmodified ITO is used for the nanoparticle assembly, the particle-surface interaction 
force is mainly contributed by the electrostatic forces between the particles and the 
substrate surface. This electrostatic force is directly proportional to the ITO particle 
surface charge, which can be characterized by the ζ-potential of the ITO suspensions. As 
mentioned in the legend of Figure 4.3, the ζ-potentials of the ITO(2.9) and ITO(4) 
suspensions are 50.6 and 40.3 mV, respectively. Due to the stronger particle-surface 
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electrostatic interaction force at the pH of 2.9, the Δ(-Δf) in the “linear growth regime” 
during the assembly of ITO(2.9), which is around 570 Hz/step, is almost three times that 
during the assembly of ITO(4), which is around 209 Hz/step (Table 4.2). Interestingly, 
even though the ζ-potential of PEI-ITO(7) is 29.3 mV, lower than that of ITO(4), the 
Δ(-Δf) in the “linear growth regime” of PEI-ITO(7), which is around 321 Hz/step, is 
significantly higher than that during the assembly of ITO(4). This unusual phenomenon 
can be attributed to the stronger particle-surface interaction forces between the 
PEI-ITO(7) and the negatively charged surface than that between the ITO(4) and the 
negatively charged surface, due to the larger number of interaction sites and the stronger 
polymer chain entanglement between the PEI-ITO and the PSS layers.[118]  
4.3.4. The Effect of Ionic Strength in the PSS Solution 
During the LbL assembly of polyelectrolytes and inorganic nanoparticles, the 
ionic strength in the polyelectrolyte solution usually plays a very significant role on the 
assembly process.[92, 94] A high ionic strength in the polyelectrolyte solution is usually 
preferred in order to increase the assembly rate of nanoparticles. Therefore, the effect of 
the ionic strength in the PSS solution on the ITO nanoparticles assembly was studied in 
this work. In order to evaluate the effect of the ionic strength in the PSS solution on the 
assembly of [ITO/PSS]9.5, only the ionic strength in the PSS solution for the assembly of 
[ITO/PSS]9.5 was changed whereas that in the assembly of [PEI/PSS]4 was unchanged as 
0.1 M.   
As shown in Figure 4.6, during the assembly of 
[PEI(8.5)/PSS(6.5)]4[ITO(2.9)/PSS(6.5)]9.5, the ionic strength in the PSS solution 
significantly affected the assembly rate of the [ITO(2.9)/PSS(6.5)]9.5 thin film. When 
0.1M NaCl was added into the PSS solution, the two-regime assembly process was 
observed, and the Δ(-Δf) reached 570 Hz/step in the “linear growth regime”. However, 
when no NaCl was added into the PSS solution, the assembly process did not reach the 
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“linear growth regime” within the 10 ITO layers examined, and the Δ(-Δf) of every ITO 
step was well below 100 Hz/step. The significant difference between these two 
assembled films can be attributed to the difference in the rate of compensation of the 
positive surface charges by PSS. At a higher ionic strength, the amount of PSS deposited 
during each step is increased due to the salt screening on the polymer charges.[75] 
Therefore, fewer PSS assembly steps were needed to recover the negative surface charge 
at a high ionic strength, and the assembly of [ITO/PSS]9.5 can more easily reach the 
“linear growth regime”.  
 
Figure 4.6 The Δ(−Δf) of ITO assembly steps during the assembly of 
[ITO(2.9)/PSS(6.5)]9.5 on the precursor layer [PEI(8.5)/PSS(6.5)]4, when 0.1 M NaCl or 




Figure 4.7 The Δ(−Δf) of ITO assembly steps during the assembly of 
[PEI-ITO(7.2)/PSS(6.5)]9.5 on the precursor layer [PEI(8.5)/PSS(6.5)]4, when 0.1 M NaCl 
or no NaCl was added into the PSS solutions.[148] 
The ionic strength in the PSS solution also played a significant role during the 
assembly of [PEI(8.5)/PSS(6.5)]4[PEI-ITO(7)/PSS(6.5)]9.5. As shown in Figure 4.7 and 
Table 4.2, the Δ(−Δf) of the ITO assembly steps remained around 320 Hz/step when the 
NaCl concentration in the PSS solution was 0.1M. However, when no NaCl was added 
into the PSS solution, the Δ(−Δf) of the ITO assembly steps dropped to ~160 Hz/step 
after the first ITO layer. This drastic change by as much as half of the Δ(−Δf) during the 
assembly of PEI-ITO(7) can be attributed to the degree of overcompensation of the 
surface charge by PSS at the different ionic strength. The excess amount of negative 
surface charge due to the overcompensation of surface charge by PSS assembly at a high 
ionic strength is much higher than that at a low ionic strength.[75] Therefore, the amount 
of PEI-ITO(7) needed to overcompensate this excess negative surface charge is increased 
when the PSS is assembled at a high ionic strength. It is to be noted that the ionic strength 
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effect on the assembly of [PEI-ITO(7)/PSS(6.5)]9.5 is similar to the ionic strength effect 
on the assembly of PEM.[75] This is reasonable, since the ITO nanoparticles in the 
PEI-ITO suspensions were modified by the PEI polyelectrolyte on the surface, and the 
interaction between the PSS and the PEI-ITO is somewhat like the interaction between 
two polyelectrolytes.  
4.3.5. Assembly of [ITO(2.9)/PSS(2.9)]9.5 on Precursor Layer [PEI(2.9)/PSS(2.9)]4  
In order to prove the hypothesis that the precursor layer controls the “recovery 
regime” of the LbL assembly process, another film [ITO(2.9)/PSS(2.9)]9.5 on the 
precursor layer [PEI(2.9)/PSS(2.9)]4 was assembled In this case, all of the materials, 
including the PEI, PSS, and ITO, were assembled at the exact same pH of 2.9. As a result, 
the surface charge of the precursor layer is not expected to change during the LbL 
assembly process. As shown in Figure 4.8, only a “linear growth regime” was observed 
for the assembly of [ITO(2.9)/PSS(2.9)]9.5 onto  [PEI(2.9)/PSS(2.9)]4, regardless of the 
different ionic strength in the PSS solutions. In fact, as shown in Table 4.2, the average 
Δ(−Δf) of the ITO assembly step was around 582 and 597 Hz/step when the 0.1 M NaCl 
or no NaCl were added into the PSS solutions, respectively. This value is very close to 
that obtained in the “linear growth regime” during the assembly of [ITO(2.9)/PSS(6.5)]9.5 
on [PEI(8.5)/PSS(6.5)]4. In other words, the precursor layer only affected the first regime 
of the surface charge recovery, but it does not affect the film buildup rate during the 
“linear growth regime”. 
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Figure 4.8 The Δ(−Δf) of ITO assembly steps during the assembly of 
[ITO(2.9)/PSS(2.9)]9.5 on the precursor layer [PEI(2.9)/PSS(2.9)]4, when 0.1 M NaCl or 
no NaCl was added into the PSS solutions.[148] 
4.3.6. Explanation of the Different Ionic Strength Effect 
The different effect of ionic strength in the PSS solutions during the assembly of 
[PEI-ITO(7)/PSS(6.5)]9.5 on the precursor layer [PEI(8.5)/PSS(6.5)]4 and the assembly of 
[ITO(2.9)/PSS(2.9)]9.5 on the precursor layer [PEI(2.9)/PSS(2.9)]4 can be attributed to the 
different interaction between the ITO layer and the PSS layer during these two assembly 
processes. As illustrated in Figure 4.9(a), when the PEI-ITO(7) was used for the assembly 
of ITO, the interaction forces between the PEI-ITO(7) and the PSS(6.5) is not only the 
electrostatic forces, but also the polymer-polymer interactions. Similar to the LbL 
assembly of PEMs,[73, 75, 78] the ionic strength in the polyelectrolyte solutions can 
significantly affect the film buildup rate. As illustrated in Figure 4.9(a), at high ionic 
strength, the adsorbed PSS layer forms a loopy structure, rendering a stronger 
particle-surface interaction force between the PEI-ITO(7) and PSS(6.5) layers. On the 
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other hand, as shown in Figure 4.9(b), the interaction force between the ITO(2.9) and 
PSS(2.9) layer is primarily electrostatic forces, and thus the conformation of adsorbed 
PSS chains did not affect significantly the assembly rate of ITO(2.9). 
 
Figure 4.9 Schematics of the effect of the ionic strength in the PSS solution on the 
assembly of ITO on PSS layer: (a) the assembly of PEI-ITO(7) on PSS(6.5), and (b) the 
assembly of ITO(2.9) on PSS(2.9).  
4.4. Conclusions 
This chapter presents results on a study on the effect of the precursor layer 
[PEI/PSS]4 on the subsequent LbL assembly of [ITO/PSS]9.5 hybrid films. It was found 
that the surface charge of the precursor layer is dependent on the pH value of the ITO 
suspension used. A higher pH value in the ITO suspension than that in the PSS solution 
will maintain the negative surface charge of the precursor layer.  On the other hand, a 
lower pH value in the ITO suspension than that of the PSS solution will make the 
precursor layer have a positive surface charge due to the excessive positive charges that 
were gained by PEI chains at low pH.  
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The surface charge of the precursor layer significantly affected the assembly of 
[ITO/PSS]9.5 films. When the precursor layer surface is positively charged during the 
assembly of ITO nanoparticles, which is also positively charged, the assembly process 
can be divided into two regimes: the “recovery regime” in which the positive surface 
charge will be compensated by PSS and recovered to a negative surface, followed by the 
“linear growth regime”. The length of the “recovery regime” is dependent on the amount 
of positive surface charges that need to be compensated for and the ionic strength in the 
PSS solution. When the precursor layer surface is negatively charged during the assembly 
of ITO nanoparticles, only the “linear growth regime” was observed. 
When the unmodified ITO suspension was used for the LbL assembly, the ionic 
strength in the PSS solutions only affected the length of the “recovery regime”, but it did 
not affect the film buildup rate for the “linear growth regime”. However, when the 
PEI-modified ITO suspension was used, the film buildup rate in the “linear growth 
regime” was significantly affected by the ionic strength in the PSS solution. A high ionic 
strength in the PSS solution will promote faster deposition of PEI-modified ITO 
nanoparticles, due to the strong ionic strength effect on the interaction between the 




PH-CONTROLLED EXPONENTIAL LAYER-BY-LAYER 




Up to now, most of the e-LbL growth has been observed in polymeric or organic 
systems. There have been a few studies that demonstrated the e-LbL growth of hybrid 
thin films.[11, 116, 117, 121, 151] However, these films were either primarily composed of 
organic materials, or they were composed of more than two components. There has yet 
been no report on achieving a bicomponent e-LbL films that consist mostly of inorganic 
nanoparticles.  Such films would be highly desirable for applications that require 
excellent nanoparticle interconnections or where the functionality desired depends 
primarily on the inorganic nanoparticle properties. Examples of applications that would 
require these types of films include the optimization of the electrical conductivity of 
nanotube, graphene or ITO solution-based films for electromagnetic interference (EMI) 
shielding, ultracapacitor energy storage applications or as transparent electrodes. Other 
desired multifunctional films would be conformal protective coatings for applications that 
require high resistance to indentation loading or fracture resistance. 
This chapter focuses on the assembly of organic/inorganic bicomponent 
composite films through the e-LbL method.  In this chapter, the e-LbL growth of 
[PEI/SiO2]n bicomponent thin films that consist mostly of SiO2 nanoparticles (over 90 
wt% obtained by TGA) is prepared by assembly the PEI at a high pH and the SiO2 at a 
low pH. The [PEI/SiO2]n films that prepared through e-LbL growth can grow to 
thicknesses over 2 μm within just 10 bilayers, whereas the films that prepared through the 
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l-LbL growth are less than 200 nm with 10 bilayers. Besides the [PEI/SiO2]n films, the 
[PAA/PEI-ITO]n hybrid thin films also shows a weak e-LbL growth process when the 
thin films is prepared with less drying steps.  
5.2. Experimental Procedure 
This chapter reports results mainly about the e-LbL assembly of [PEI/SiO2]n films 
and the LbL assembly of [PAA/ITO]n films. PEI was chosen as the polycation due to its 
proven diffusibility during the LbL assembly process[109, 116] and its charge density 
variability over the pH range from 2 to 10.[122, 134] Colloidal SiO2 nanoparticles were 
chosen as the negatively charged inorganic material due to its low IEP point. In order to 
evaluate the possibility to prepare the conductive e-LbL thin film, the weak 
polyelectrolyte PAA was used as the polyanion to explore the possibility to prepare 
e-LbL [PAA/ITO]n films.   
The colloidal SiO2 suspension (LUDOX® AS-40) was obtained from Sigma 
Aldrich, and it was analyzed using zetasizer to obtain the ζ-potential and particle size 
distribution. The LbL assembly process of [PEI/SiO2]n films was studied by using a QCM, 
AFM, and SEM. The experimental procedure of zetasizer, QCM, and AFM is very 
similar to the procedure that was described in Chapter 2, except that no precursor layer 
was assembled prior to the deposition of the [PEI/SiO2]n films. SEM was used to evaluate 
the film thickness of [PEI/SiO2]50 grown on glass substrate.  
5.2.1. Thin Film Growth on Different Substrates 
In this Chapter, hybrid thin films were prepared onto various substrates, including 
QCM crystals, silicon wafers, and glass slides. The thin film deposition on QCM crystals 
are similar to the procedure described in Chapter 2. In brief, the QCM crystals were 
modified by a SAM layer of MUA, and the SAM-modified QCM crystals were then used 
for the LbL assembly. Unlike the LbL assembly on QCM crystals, no SAM modification 
81 
was applied on the silicon wafers prior to the LbL assembly. The silicon wafers were just 
cleaned by acetone and isopropanol, and the cleaned silicon wafers were used for the LbL 
assembly. Similar to the silicon wafer, the glass slides were also just cleaned by organic 
solvent prior to the LbL assembly without any SAM modification.      
5.2.2. Neutron Reflectometry 
The thickness and structure of the films that were deposited onto silicon wafers 
were evaluated using neutron reflectometry (Magnetism Reflectomer, Spallation Neutron 
Source at Oak Ridge National Labs). Neutron Reflectometry is an excellent method for 
determining the thickness, composition and arrangement of films, interfaces and 
multilayers.  The Magnetism Reflectometer at the Spallation Neutron Source can be 
configured for unpolarized and polarized beams to measure non-magnetic and magnetic 
systems, respectively. This is a time-of-flight (TOF) instrument with wavelength band 
ranging from 2 Å to 4.75 Å centered at the highest intensity of the incident beam.[152]  
The essence of a neutron reflection experiment is that it measures the specular reflection 
as a function of momentum transfer perpendicular to the reflecting surface. To cover a 
wide range of momentum transfers using the restricted wavelength band, the reflected 
intensities are measured at several incident angles. 
The experiment is performed in grazing incidence geometry. A highly collimated 
neutron beam impinges on the sample surface at an angle αi ,  and the intensity of the 
neutrons, reflected and scattered under angles αf, is registered using a position sensitive 
detector as the function of their time-of-flight from the source. For the specular reflection, 
αi=αf, the reflectivity is given as a function of the momentum transfer Qz normal to the 
surface, Qz=2π*sin(αi)/λ, where λ is the wavelength. The specular reflection of neutrons 
gives information on the scattering length density profile and hence provides important 
information about the depth composition of films, multilayers and interfaces. More 
detailed specifications of the instrument can be found in the instrument’s web site.[153] 
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5.2.3. Thermogravimetric Analysis of Thin Films 
The composition of thin film [PEI(9.9)/SiO2(4.7)]50 and the thin film [PEI(9.9, 
3mM buffer)/SiO2(4.7, 3mM buffer)]50 were analyzed using TGA. The thin film samples 
were collected by scraping the thin film off from the glass substrates using blades, and 
the collected samples were heated to 800°C in air at a heating rate of 5°C/min. The 
remnant material was considered to be non-combustible inorganic SiO2.  
In order to evaluate the actual content that was contributed by the SiO2 
nanoparticles, which includes both the non-combustible SiO2 and combustible stabilizing 
agents, a spin-coated film made from SiO2 nanoparticles were analyzed by TGA using 
the same heating procedure. The colloidal SiO2 particles were first spin-coated on a glass 
substrate, and the particles on the glass substrate were then collected by scraping off from 
the glass substrate for the TGA analysis.  
5.3. Results and Discussion 
5.3.1. ζ-potential and Particle Size of SiO2 particles 
The ζ-potential and the particle size of colloidal SiO2 suspensions are shown in 
Figure 5.1. As shown in the figure, the SiO2 particle size is essentially constant from the 
pH of 2 to 9.5. In addition, the  ζ-Potential of the SiO2 suspension is below -30mV at the 
pH from 4.5 to 9.5. Therefore, this SiO2 suspension is very stable at the pH range from 
4.5 to 9.5, and the surface charge is unchanged at this pH range. Therefore, the PEI and 
SiO2 counter-ion pair provides a perfect opportunity to demonstrate the pH-promoted 
exponential growth of LbL thin films.  
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Figure 5.1 The ζ-Potential and particle size analysis of SiO2 colloidal suspensions.[154] 
5.3.2. pH Effect on the e-LbL Assembly  
The LbL assembly of [PEI/SiO2]n films was significantly affected by the pH 
difference between the PEI solutions and the SiO2 suspensions. As shown in Figure 5.2, 
when PEI and SiO2 were respectively assembled at the pH of 9.9 and 4.7 to prepare thin 
film [PEI(9.9)/SiO2(4.7)]10, the LbL assembly process exhibited extremely fast 
exponential growth in the first 3 bilayers, and then transferred to a linear growth with a 
fast growth rate. The growth rate in the exponential growth regime was so fast that more 
than 50 wt% of the 10-bilayer thin films is contributed by the first 3 assembly bilayers. 
However, when the thin film was deposited with PEI at a pH of 9.6 and SiO2 at a pH of 
6.5, the exponential growth rate of films was greatly diminished, although this process 
lasted until the 9th layer before the transition from exponential growth to linear growth 
occurred. Due to the depressed exponential growth, the thin film [PEI(9.6)/SiO2(6.5)]10 
only exhibited less than half the thickness of film [PEI(9.9)/SiO2(4.7)]10 (Table 5.1). The 
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linear growth rate after the exponential-linear transition during the assembly of 
[PEI(9.9)/SiO2(4.7)]10 and [PEI(9.6)/SiO2(6.5)]10 was quite similar.  
 
Figure 5.2 QCM crystal frequency change (-Δf) during LbL assembly of 
[PEI(9.9)/SiO2(4.7)]10, [PEI(9.6)/SiO2(6.5)]10, [PEI(4.7)/SiO2(4.7)]10, and 
[PEI(4.7)/SiO2(9.5)]10 thin films.[154] 
When the thin film was assembled in PEI and SiO2 solutions at the same pH of 
4.7, the LbL assembly process exhibited a typical l-LbL growth with a much smaller 
growth rate. In fact, the linear growth rate of the [PEI(4.7)/SiO2(4.7)]10 film was 10 times 
slower than that of the linear growth regime during the e-LbL assembly processes (Table 
5.1). When thin films were assembled in PEI at a pH of 4.7 and in SiO2 at a pH of 9.5, 
only a minimal amount of material was deposited after 10 bilayers. Therefore, it can be 
concluded that the LbL assembly process will exhibit e-LbL growth when the thin film is 
assembled with PEI at a high pH and with SiO2 at a low pH. When the pH difference 
between PEI and SiO2 is small or when SiO2 is at a high pH and PEI is at a low pH, the 
e-LbL growth will significantly diminish or disappear. The [PEI(9.9)/SiO2(4.7)]10 and 
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[PEI(4.7)/SiO2(4.7)]10 films showed 11 times difference in terms of the film mass and 
thickness. 
5.3.3. Film Thickness Calculation 
The thin film thickness can be evaluated by correlating the film thickness, t, with 
the resonance frequency change of QCM crystals, -Δf, through a constant Cf according to 
the Sauerbrey equation:[125] 
( )fCt f Δ−=            (5.1)  
in which Cf is related to the intrinsic resonance frequency, the density, and the shear 
modulus of quartz crystals as well as the density of films on the electrode surface 
(Chapter 2). For a quartz crystal with resonance frequency of 5 MHz and a fully dense 
SiO2 thin film (density of bulk SiO2 is 2.634 g/cm3), the Cf should equal to 0.0335 nm/Hz 
if both sides of the crystal are coated with the film. However, the thickness of thin film 
[PEI(9.6)/SiO2(6.5)]10 was measured to be 896 nm by AFM (Figure 5.3). Therefore, the 
Cf should be 0.079 nm/Hz. This value was proven to be reasonable with other films, and 
it was used to calculate the film thickness from QCM results. This discrepancy of the 
calculated Cf value and the measured Cf value can be attributed to the porosity of the 
deposited thin film.  
The thickness of the whole film, the thickness portion of the film that was 
exponentially grown, as well as the thickness portion of the thin film that was linearly 
grown, were all calculated using equation (5.1), and the results are listed in Table 5.1. As 
shown in the table, the film thickness of [PEI(9.9)/SiO2(4.7)]10 is 2143 nm, and the first 3 
bilayers of exponential growth contributed 1123 nm, which is more than half the total 
thickness. In addition, the 3 bilayers of [PEI(9.9)/SiO2(4.7)]10 is almost 40 times that of 
the SiO2 particle size (~30 nm). Based on the calculation, the film thickness of 
[PEI(9.6)/SiO2(6.5)]10, [PEI(4.7)/SiO2(4.7)]10, and [PEI(4.7)/SiO2(9.5)]10 are 896, 158 
and 17 nm, respectively. The thickness of the [PEI(4.7)/SiO2(9.5)]10 thin film is even less 
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than one monolayer of SiO2. This suggests that this thin film cannot fully cover the 
substrate surface even after 10 bilayers deposition.  
 
Figure 5.3 AFM film thickness measurement of the [PEI(9.6)/SiO2(6.5)]10 film. The 
thickness is evaluated by measuring the height from the top of the film to the substrate 
surface. The area within the red rectangular area is the area of interest, and multiple 
values are taken to get the average value. The average thickness was determined to be 
896±8 nm.[154] 
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Table 5.1 Film thickness calculation from QCM results.[154]  
Film a 







e-LbL growth b 




l-LbL growth b 
(nm) / number 
of l-LbL growth 
steps 
[PEI(9.9)/SiO2(4.7)]10 27130 2143 1123 / 3 1020 / 7 
[PEI(9.6)/SiO2(6.5)]10 11345 896 741 / 9 155 / 1 
[PEI(4.7)/SiO2(4.7)]10 2000 158 0 / 0 158 / 10 
[PEI(4.7)/SiO2(9.5)]10 212 17 0 / 0 17 / 10 
[PEI(10.1, 0.1M 
NaCl)/SiO2(4.7)]10 




37972 d 3000 1344 / 5 1656 / 4 
a In order to differentiate the films, the pH value, NaCl concentration, as well as the buffer 
concentration of PEI solutions and SiO2 suspensions were chosen to be denoted in the 
parentheses. b The thickness values were all calculated from the -Δf value using equation (5.1) 
with the Cf constant as 0.079 nm/Hz. c The number of e-LbL growth steps were determined by the 
Δ(-Δf) development through the LbL assembly process. An exponential-linear transition was 
determined when the Δ(-Δf) of one assembly step was equal or smaller than that of the previous 
step. d The -Δf value of the thin film [PEI(9.9, 3mM buffer)/ SiO2(4.7, 3mM buffer)]10 was the 
value before the last SiO2 layer. The -Δf of the last SiO2 layer cannot be measured because the 
film was insulating and it was too thick. As a result, the QCM measurement was not accurate. 
 
5.3.4. Film Surface Structure 
The surface structure of films was analyzed by AFM imaging. Regardless of the 
large film thickness difference between the e-LbL films and l-LbL films, the surface 
topography in 2 μm × 2 μm area for the e-LbL films, [PEI(9.9)/SiO2(4.7)]10 and 
[PEI(9.6)/SiO2(6.5)]10 in Figure 5.4(a) and (b), are very close in terms of the surface 
roughness. Therefore, the e-LbL growth is not due to the surface roughness. This 
phenomenon was also observed during the e-LbL growth of [PEI(9.9)/SiO2(4.7)]n films, 
where n was varied from 1 to 4 while the surface roughness remained approximately the 
same (Figure 5.5). The [PEI(4.7)/SiO2(9.5)]10 thin film exhibited a very different film 
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structure, where the deposited nanoparticles formed cluster-like structures, and the thin 
film exhibited a patchy thin film growth behavior (Figure 5.4(d)).  
 
Figure 5.4 AFM images of films: (a) [PEI(9.9)/SiO2(4.7)]10, (b) [PEI(9.6)/SiO2(6.5)]10, 
(c) [PEI(4.7)/SiO2(4.7)]10, (d) [PEI(4.7)/SiO2(9.5)]10, (e) [PEI(10.1, 0.1M 
NaCl)/SiO2(4.7)]10, and (f) [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10. The RMS 
roughness of the 2 μm × 2 μm images is (a) 7.9, (b) 8.8, (c) 11.2, (d) 12.6, (e) 24.5, and 
(f) 4.2 nm, respectively. All of the figures are displayed with the same height scale, 
except for the figure (e) due to its high surface roughness.[154] 
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Figure 5.5 AFM images of [PEI(9.9)/SiO2(4.7)]n when n equals to (a) 1, (b) 2, (c) 3, and 
(d) 4. The surface RMS roughness in the 2 μm × 2 μm area are (a) 8.7, (b) 9.4, (c) 10.2, 
and (d) 6.3 nm, respectively.[154] 
 
The 3D profiles of the thin films were also analyzed by AFM. As shown in Figure 
5.6(a) and (d), the e-LbL grown thin films [PEI(9.9)/SiO2(4.7)]10 and [PEI(9.9, 3mM 
buffer)/SiO2(4.7, 3mM buffer)]10 exhibited a wavy structure at the 30 μm × 30 μm scale, 
with a peak-to-valley height differences of around 100 and 200 nm, respectively. The 
surface RMS roughness of these two films at the 30 μm × 30 μm scale is 21 and 58 nm, 
respectively. However, as shown in Figure 5.4(a) and (f), these two films exhibited a 
rather smooth surface in the 2 μm × 2 μm scale, with a RMS roughness of 7.9 and 4.2 nm. 
It indicates that these two e-LbL films exhibited a two-scale structure. On the contrary, 
the [PEI(9.6)/SiO2(6.5)]10 and [PEI(4.7)/SiO2(4.7)]10 thin films did not show such a 
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two-scale structure (Figure 5.6(b) and (c)). The RMS surface roughness of these two 
films is all around 10 nm at both the 30 μm × 30 μm and the 2 μm × 2 μm scales. The 
unique two-scale structure of e-LbL thin films [PEI(9.9)/SiO2(4.7)]10 and [PEI(9.9, 3mM 
buffer)/SiO2(4.7, 3mM buffer)]10 is probably due to the PEI diffusion and the 
conformation change of PEI chains through the thin film. The diffusion “in-and-out” of 
the PEI chains and the conformation change of PEI chains from coiled to extended 
structure during every assembly step can introduce the non-uniform surface structure. 
The fact that the e-LbL film [PEI(9.6)/SiO2(6.5)]10 did not show such a structure is 
probably due to the relatively slow e-LbL growth, and thus the less diffusion and less 
conformation change of PEI chains for this film (Figure 5.2).  
 
Figure 5.6 AFM 3D images of films: (a) [PEI(9.9)/SiO2(4.7)]10, (b) 
[PEI(9.6)/SiO2(6.5)]10, (c) [PEI(4.7)/SiO2(4.7)]10, and (d) [PEI(9.9, 3mM buffer)/SiO2(4.7, 
3mM buffer)]10. All of the images represent 30 μm × 30 μm scans. The Z scale of the 
figures (a), (b), and (c) are 100 nm, and that of the figure (d) is 200 nm. The RMS 
roughness is (a) 21, (b) 8, (c) 9, and (d) 58 nm, respectively.[154]  
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A similar film structure has also been observed recently during the e-LbL growth 
of CHI(PB/CHI)5(PB/GS)n, and it was attributed to the nanoparticle clustering.[11] This 
unique structure is likely more than just the clustering of nanoparticles, because only the 
fast grown e-LbL films show the dual-scale structure, and all the l-LbL grown films do 
not show such a feature. In addition, if it were to be just the clustering of nanoparticles, 
the thin film would start as a cluster-like structure, which was not observed (Figure 5.5). 
In fact, quite the opposite, it was observed previously that the e-LbL film started with a 
smooth surface and it transferred to a dual-scale structure at the later stages of the film 
growth.[11] 
5.3.5. Explanation of the pH-controlled e-LbL Growth 
The vastly distinct assembly process and structure of the thin films when they 
were prepared at different pH values could be attributed to several reasons. One is the 
diffusion “in-and-out” of PEI chains towards the surface during the SiO2 assembly step, 
another is the charge density variation of PEI chains at different pH, and the third is the 
conformation change of PEI chains at different pH. The film structures after the assembly 
of the first PEI and SiO2 layer at different pH combinations are illustrated in Figure 5.7. 
As shown in Figure 5.7(a)(left), during the assembly of PEI at the pH of 9.9, a significant 
number of PEI chains are deposited onto the substrate to compensate for the surface 
charges due to the low PEI charge density. Due to the low charge density, the PEI chains 
form a collapsed structure on the substrate. During the following SiO2 assembly step, the 
collapsed PEI chains will extend due to the increased charge density of each PEI chain, 
and the excess PEI chains will diffuse out to the outer surface to interact with more SiO2 
nanoparticles. As a result, more than one monolayer of SiO2 can be deposited during one 
single exponential growth step. This exponential growth process will be significantly 
dependent on the charge density variation of every PEI chain. Therefore, when the pH 
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difference between the PEI and SiO2 solutions decreases, the exponential growth process 
starts to diminish (Figure 5.2).  
 
Figure 5.7 Schematic illustration of the first bilayer assembly process for films: (a) 
[PEI(9.9)/SiO2(4.7)]1, (b) [PEI(4.7)/SiO2(4.7)]1, and (c) [PEI(4.7)/SiO2(9.5)]1. In each 
thin film, both the assembly of the first PEI and the first SiO2 layer are illustrated 
separately.[154]  
In contrast, when both the PEI and SiO2 were assembled at the same pH of 4.7, 
the charge density of PEI chains will not change between the PEI and SiO2 deposition 
step (Figure 5.7(b)). As a result, the [PEI(4.7)/SiO2(4.7)]10 film grows linearly. Increasing 
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the SiO2 pH such as was done for the [PEI(4.7)/SiO2(9.5)]10 film will further decrease the 
assembly rate due to the decreasing PEI charge from the PEI to SiO2 deposition step. In 
addition, due to the decreasing PEI charge from low to high pH, the initially extended 
PEI chains will collapse at the pH of 9.5 during the SiO2 assembly step (Figure 5.7(c) 
left), and thus the substrate surface cannot be fully covered by the PEI chains. As a 
consequence, the negatively charged SiO2 particles can only be deposited onto the few 
available positively charged surface sites on the substrate, and the film eventually grows 
into a cluster-like structure, similar to what was observed in Figure 5.4(d) for the film 
[PEI(4.7)/SiO2(9.5)]10.  
5.3.6. Effect of Ionic Strength in PEI Solution on the e-LbL Growth 
In order to investigate the ionic strength effect on the exponential growth of 
[PEI/SiO2]10, 0.1M NaCl was added into the PEI solution to prepare the [PEI(10.1, 0.1M 
NaCl)/SiO2(4.7)]10 thin film. As shown in Figure 5.8, when NaCl was added into the PEI 
solution, the exponential growth process was completely diminished, and the thin film 
growth process converted into a typical linear growth. In addition, the growth rate in the 
linear growth regime of [PEI(9.9)/SiO2(4.7)]10 was almost twice as big as that of the 
[PEI(10.1, 0.1M NaCl)/SiO2(4.7)]10 film (Table 5.1). This phenomenon is quite different 
from the ionic strength effect on the LbL assembly of [PDDA/PSS]n multilayers, in 
which case the increased ionic strength amplified the exponential growth.[110] The 
different ionic strength effect in these films is probably due to the screening effect of 
NaCl on the positive charges of the PEI chains at high ionic strength. As mentioned 
earlier, the exponential growth of [PEI/SiO2]n multilayers can be attributed not only to the 
excess number of PEI chains on the outermost surface due to the PEI diffusion, but also 
to the excess amount of positive charges on every PEI chain due to the pH difference 
between the PEI solution and the SiO2 suspension. At low ionic strength, not only can the 
PEI chains on the surface, but also those PEI chains within a certain distance from the 
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substrate surface, interact with oppositely charged SiO2 particles due to the large 
electrical double layer thickness at low ionic strength (~100 nm at 10-6 M NaCl [155]). 
However, at the NaCl concentration of 0.1 M, the electrical double layer thickness is 
much smaller (~0.3 nm [155]) due to the screening effect, and only those PEI chains on the 
surface can interact with SiO2 to form the next SiO2 layer. In addition, only a small 
number of SiO2 particles that are within a short distance from the substrate surface can 
“feel” the opposite charge on the substrate. Therefore, the SiO2 deposition rate was found 
to be much lower at high ionic strength. The ionic strength effect is different here 
compared to that on the LbL assembly of [PDDA/PSS]n, in which case the increased 
ionic strength promoted the e-LbL growth.[110] This discrepancy of ionic strength effect is 
due to that the PDDA and PSS were assembled at the same pH, the e-LbL growth process 
was not relying on the charge increase of the charge of polyelectrolyte chains.  
It is worth noting that the linear growth rate of the [PEI(10.1, 0.1M 
NaCl)/SiO2(4.7)]10 film is more than 4 times higher than that of the [PEI(4.7)/SiO2(4.7)]10 
film (Table 5.1). This indicates that the increased positive surface charge due to the 
increased charge density of every PEI chain still played a significant role even at high 
ionic strength. Furthermore, according to the AFM image of this sample (Figure 5.4(e)), 
the surface RMS roughness of the [PEI(10.1, 0.1M NaCl)/SiO2(4.7)]10 film increased to 
24.5 nm, which is almost 3 times that of the [PEI(9.9)/SiO2(4.7)]10 film. This increased 
surface roughness can be attributed to the rougher interface between the PEI and SiO2 
layers due to the extrinsic charge compensation of PEI chains at high ionic strength.[75]  
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Figure 5.8 The -Δf of QCM crystals during the assembly of [PEI(9.9)/SiO2(4.7)]10 and 
[PEI(10.1, 0.1M NaCl)/SiO2(4.7)]10 thin films.[154] 
5.3.7. Effect of pH Buffer on the e-LbL growth 
During the assembly of exponentially grown [PEI/SiO2]n thin films, the pH of PEI 
and SiO2 solutions will gradually change during the assembly process. In fact, the pH of 
the PEI and the SiO2 solutions will respectively decrease and increase, and thus the pH 
difference between PEI and SiO2 solutions will get smaller as the assembly proceeds. For 
example, after assembling 10 bilayers of the [PEI(9.9)/SiO2(4.7)]10 thin film, the pH of 
the PEI and the SiO2 solutions changed to 8.2 and 7.0, respectively, bringing these values 
closer to each other.  
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Figure 5.9 -Δf of QCM crystals during the assembly of [PEI(9.9)/SiO2(4.7)]10 and 
[PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 thin films.[154] 
 
In order to evaluate the effect of the pH change of the two solutions on the growth 
rate, 3mM phosphate buffer was added into both the PEI and SiO2 solutions. Only that 
amount was added in order to minimize the ionic strength influence. Due to the buffer 
effect, the pH of PEI and SiO2 solutions remained very close to the original values 
(pH=9.5 in PEI and pH=5.4 in SiO2 after the 10 bilayer assembly). The difference in thin 
film growth between [PEI(9.9)/SiO2(4.7)]10 and [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM 
buffer)]10 is shown in Figure 5.9. As shown in the figure, the exponential growth regime 
of the [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 film lasted until the 5th layer, 
even though its exponential growth strength was smaller than that of the 
[PEI(9.9)/SiO2(4.7)]10 film (Figure 5.9 and Table 5.2). In addition, the growth rate in the 
linear growth regime of the [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 film was 
significantly higher than that of the thin film deposited in the solution without buffer. 
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This suggests that the pH difference between the PEI and the SiO2 solution is critical for 
both the exponential growth regime and the subsequent linear growth regime of 
[PEI/SiO2]n e-LbL thin films. Furthermore, according to the AFM image in Figure 5.4(f), 
the addition of a small amount of buffer did not increase the film surface roughness.  
5.3.8. e-LbL Growth Strength  
The strength of the exponential growth can be evaluated by simulating the 
exponential growth curve from QCM results using the equation:[108, 156]  
( ) ( )1 2expf f n fβ−Δ = −       (5.2).  
Using this equation, the -Δf of QCM crystals can be fitted to the buildup of n 
bilayers through fitting parameters f1, f2, and β.  f1 and f2 are the kinetic scaling factors 
for the thin film growth process, and they are usually equal. The parameter, β, is the 
characteristic parameter for the exponential growth strength, and it has been named the 
exponential growth “strength factor”.[108, 156] A value of β close to 0 corresponds to a 
linearly grown thin film, whereas a large value of β means the thin film grows 
exponentially. The larger the value of β, the stronger the exponential growth effect. The 
parameter β for the thin film [PEI/SiO2]10 grown at different conditions, as well as some 
other e-LbL thin films from the literature, is listed in Table 5.2. As shown in the table, the 
parameter β for all of the e-LbL polyelectrolyte multilayer thin films was around or 
below 0.4 when they were deposited at the same pH. However, when the [PEI/PAA]n 
multilayers were deposited in PEI at a high pH and PAA at a low pH, the exponential 
growth “strength factor” was as high as 0.79. If an e-LbL thin film could sustain the 
exponential growth process for 10 bilayers, with a β of 0.4, the final film thickness would 
be 110 times the thickness of the first bilayer; whereas with a β of 0.79, the final film 
thickness would be more than 2200 times the value of the first bilayer. The e-LbL 
generally does not last for the whole assembly process, and the e-LbL growth is always 
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followed with the l-LbL growth.[108, 157] Even so, the e-LbL growth with a big “strength 
factor” is still desired for obtaining fast film growth. 
As shown in Table 5.2, during the assembly of [PEI/SiO2]n, the strength factor β 
is 1.09 when the pH of PEI and SiO2 solutions are at 9.9 and 4.7, respectively. The 
strength factor β significantly decreases when the pH difference between PEI and SiO2 
solutions decreases. The strength factors β of PEI(4.7)/SiO2(4.7) and PEI(4.7)/SiO2(9.5) 
counter-ion pairs are around 9×10-7 and 9×10-7, respectively, and they both exhibited a 
typical l-LbL growth. It is worth noting that even though the strength factor β for the 
PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer) counter-ion pairs is lower than that of 
PEI(9.9)/SiO2(4.7), its film thickness after 10 bilayers was larger than that of 
[PEI(9.9)/SiO2(4.7)]10 due to the longer exponential growth region and the faster linear 
growth rate.  
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Table 5.2 List of the exponential growth “strength factors” of various counter-ion pairs. 
Counter-ion pairs a Exponential growth 
“strength factor” β 
Ref. 
PEI(9.9)/SiO2(4.7) 1.09 This work 
PEI(9.6)/SiO2(6.5) 0.22 This work 
PEI(4.7)/SiO2(4.7) 9×10-7 This work 
PEI(4.7)/SiO2(9.5) 7×10-7 This work 
PEI(10.1, 0.1M NaCl)/ SiO2(4.7) 1×10-6 This work 
PEI(9.9, 3mM buffer)/ SiO2(4.7, 3mM buffer) 0.45 This work 
PAA(2.2)/PEI-ITO(7) 0.067 (0.006) f This work 
PDDA(9.9)/SiO2(4.7) 0.853 This work 
PEI(9.0)/PAA(2.85) 0.79 b Ref [109] 
PLL(7.4)/PGA(7.4) 0.45 b Ref [157] 
PLL(7.4)/PGA(7.4) 0.31 b Ref [114] 
PLL(7.3)/HA(7.3) 0.24 b Ref [106] 
PLL(7.0)/PAA(7.0) 0.37 (0.81) b,e Ref [107] 
PDDA/PSS 0.38 c Ref [108] 
PDDA/PSS 0.38 b,c Ref [110] 
PAH(7.4)/PGA(7.4) 0.42 c Ref [156, 158] 
PB(4.0)/GS(4.0) d 0.043 b Ref [11] 
a The counter-ion pairs are listed as cation(pH)/anion(pH) unless specifically mentioned 
otherwise.  b The “strength factor”, β, was not stated in the reference paper. Instead, the 
“strength factor” was estimated based on the film growth curve in the reference paper. c The 
buildup of PDDA/PSS and PAH/PGA films changed from typical linear to exponential growth 
when the temperature and ionic strength of the polyelectrolyte solution increased, and only the 
highest growth strength factor is cited here. d The buildup of PB/GS only exhibited e-LbL growth 
when they had a precursor layer [PB/CHI]5. e Two different values were obtained from 
ellipsometry (0.37) and QCM (0.81) measurements. The difference was attributed to the water 
absorbance and film swelling. f See details in section 6.3.14 
5.3.9. Transition from e-LbL Growth to l-LbL Growth  
The transition from the exponential growth to the linear growth has also been 
observed in other systems.[108, 157] The characteristics of this transition are: the transition 
tends to be quite abrupt without a progressive process, and the linear growth rate is 
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normally substantially smaller than that of the last exponential growth step. The decrease 
of film growth rate at the exponential-to-linear transition was observed during the 
assembly of the [PEI(9.9)/SiO2(4.7)]10 film. In fact, the film growth rate at the last 
exponential growth step was 7 times higher than that of the first linear growth step 
(Figure 5.10). However, this decrease was not as significant during the assembly of 
[PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 film (Figure 5.11). This again indicates 
that the pH difference between PEI and SiO2 solutions is critical not only for the 
exponential growth regime but also for the subsequent linear growth regime.  
The eventual exponential-to-linear transition observed in all cases reported in the 
literature was attributed to the limited diffusion range of polyelectrolytes during the later 
assembly steps once the whole film reaches a certain thickness.[157, 159, 160] The 
exponential-to-linear transition during the e-LbL growth of [PEI/SiO2]n thin films is 
dependent on the pH conditions. According to Table 5.1, the exponential-to-linear 
transition during assembly of [PEI(9.9)/SiO2(4.7)]10 and [PEI(9.9, 3mM buffer)/SiO2(4.7, 
3mM buffer)]10 films occurred when the thin film reached around 1.12 and 1.34 μm, 
whereas that of [PEI(9.6)/SiO2(6.5)]10 occurs when the thin film reached 741 nm. 
Compared to the e-LbL growth of polyelectrolyte multilayers (PEMs),[157, 159, 160] the 
thickness that the e-LbL growth reached prior to the exponential-to-linear transition of 
this hybrid films are generally thicker, which is probably due to the nature of hybrid thin 
films and the pH-amplified polyelectrolyte diffusion in this case. The interaction between 
nanoparticles and the polyelectrolytes probably produce less anchor points, so that the 
diffusion of polyelectrolyte chains in the hybrid films are less hindered compared to that 
in the PEMs.  
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Figure 5.10 The -Δf and Δ(-Δf) during assembly of film [PEI(9.9)/SiO2(4.7)]10.[154] 
 
Figure 5.11 The -Δf and Δ(-Δf) during assembly of film [PEI(9.9, 3mM buffer)/SiO2(4.7, 
3mM buffer)]10.[154] 
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5.3.10. Neutron Reflectometry Study of the Film Structure 
In order to obtain confirmation of the e-LbL and l-LbL grown thin films, Neutron 
Reflectometry [152] (NR) was used to study the structure of films with one and two bilayers 
of [PEI/SiO2]n that were deposited onto silicon wafers. Due to a scattering contrast 
between the polymers and the SiO2 particles and the high thickness sensitivity, NR 
provides the unique possibility to probe the thickness, the details of the internal structure, 
the scattering length density (SLD) depth profile of the composite films and the position 
and distribution of the nanoparticles within the film.[161] The other advantage is that this 
method is not destructive and provides information averaged over the whole volume of 
the film. This section presents results obtained for selected films having only one and two 
bilayers of the e-LbL film [PEI(9.9)/SiO2(4.7)]1 and [PEI(9.9)/SiO2(4.7)]2. The NR 
results of these two films are compared to the l-LbL film 
[PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2. In film [PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2, 
one extra bilayer of PSS/PEI was assembled between the PEI and SiO2 layers to bring up 
the scattering contrast between two SiO2 layers. The experimental reflectivity results, the 
fitted results, as well as the SLD profiles for the three samples are shown in Figure 5.12. 
According to the SLD depth profiles of three samples in Figure 5.12(b), the total 
thicknesses of the [PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2, [PEI(9.9)/SiO2(4.7)]1, and 
[PEI(9.9)/SiO2(4.7)]2 are 60, 53, and 170 nm respectively. 
As shown in Figure 5.12(a), the reflectivity results were fitted well using the 
proposed SLD profiles. According to the SLD profile of [PEI(4.7)/PSS(4.7)/ 
PEI(4.7)/SiO2(4.7)]2 (Figure 5.12(b)), this film exhibits a clear two layer structure with 
each layer thickness of ~30 nm, which is the size of the SiO2 nanoparticles. It means that 
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the thin film [PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2 developed a stratified structure due 
to the introduction of the extra PSS/PEI layer.  According to the SLD profile of 
[PEI(9.9)/SiO2(4.7)]1 (Figure 5.12(b)), the total thickness of thin film 
[PEI(9.9)/SiO2(4.7)]1 is about 53 nm. The SLD profile of this film shows that it is not 
uniform through the film depth, and it comprises a top layer with a higher SLD and a 
bottom layer with a lower SLD. Since the SLD of SiO2 is higher than that of PEI, it 
suggests that the film [PEI(9.9)/SiO2(4.7)]1 is comprised of a ~20 nm top layer enriched 
with SiO2 and a ~30 nm bottom layer enriched with PEI. In other words, the PEI chain 
did not diffuse all the way out to the top surface, and the top layer is mostly composed of 
SiO2 nanoparticles. The SLD depth profile of [PEI(9.9)/SiO2(4.7)]2 is more complicated 
than that of [PEI(9.9)/SiO2(4.7)]1. This is probably due to the multiple “in-and-out” 
diffusion of PEI chains through the films. Therefore, a region enriched with PEI and a 
region with less of PEI is formed at the interface between the first and the second 
PEI/SiO2 bilayers.   
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Figure 5.12. (a) Experimental (circles) and fitted (lines) reflectivity profiles for samples 
[PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2, [PEI(9.9)/SiO2(4.7)]1, and [PEI(9.9)/SiO2(4.7)]2.  
Curves are offset by a factor of 0.1 for clarity. (b) Neutron scattering length density 
profiles (solid lines) obtained from the fit to the data are shown as functions of the 
distance from the substrate; the dashed line marks the surface of the Si substrate, the 
peaked intensity at the substrate corresponds to the naturally oxidized SiO2 on the surface 
of the substrate, formed prior to the deposition.[154] 
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5.3.11. Effect of Substrate on the e-LbL growth 
It should be noted that the e-LbL growth of thin films significantly depends on the 
substrates. The effect of substrate on the thin film growth was evaluated by comparing 
the thickness of thin film with the same or similar composition on silicon wafers or 
SAM-modified QCM crystals. The films deposited on silicon wafers used in the NR 
experiments are considerably thinner than the films that were deposited onto the QCM 
crystals under the same pH conditions. As shown in Table 5.3, according to the NR 
simulation, the thickness of e-LbL films [PEI(9.9)/SiO2(4.7)]1 and [PEI(9.9)/SiO2(4.7)]2 
that were prepared on silicon wafers is 53 and 170 nm, respectively. However, the 
thickness of these two films prepared on the QCM crystals is 81 and 352 nm, respectively. 
The reason for this large difference can be attributed to the SAM of MUA on the QCM 
crystals deposited prior to the first PEI layer. As shown in Figure 5.13, the 
SAM-modified QCM crystals exhibited negative surface charge, and thus the first layer 
of PEI deposited onto the QCM crystals through the electrostatic forces. On the other 
hand, the silicon wafers were not modified by the SAM layers, and the first layer of PEI 
deposited onto the silicon wafers through the hydrophobic forces. Apparently, different 
amounts of PEI chains were deposited onto QCM crystals and silicon wafers during the 
first PEI layer, and this significantly affected the subsequent assembly steps. As opposed 
to the e-LbL films, the film thickness of l-LbL films did not show as much difference. As 
shown in Table 5.3, [PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2 on silicon wafers is 60 nm 
based on the NR simulation, and that of l-LbL film [PEI(4.7)/SiO2(4.7)]2 on QCM 
crystals is 46 nm. This slight thickness difference is reasonable, since the film 
[PEI(4.7)/PSS(4.7)/ PEI(4.7)/SiO2(4.7)]2 on silicon wafers consists of two more bilayers 
of PSS and PEI than that of thin film [PEI(4.7)/SiO2(4.7)]2 deposited on QCM crystals. In 
other words, the substrate has a strong effect on the e-LbL growth, but it does not affect 
the growth of l-LbL films.  
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Table 5.3 Comparison of thickness of films prepared on silicon wafers and 









QCM crystals c 
[PEI(9.9)/SiO2(4.7)]1 53 47 81 
[PEI(9.9)/SiO2(4.7)]2 170 131 352 
[PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2 60 64 46 d 
a The thickness was obtained by the NR simulation. b The thickness was obtained by the AFM. c 
The thickness was obtained by using the equation (5.1) with a Cf constant of 0.079 nm/Hz. d The 
thickness of the thin film [PEI(4.7)/SiO2(4.7)]2 on SAM-modified QCM crystals was used to 
compare to that of [PEI(4.7)/PSS(4.7)/PEI(4.7)/SiO2(4.7)]2 on silicon wafers. 
 
Figure 5.13 Illustration of the substrate effect on the first bilayer of the e-LbL growth of 
[PEI/SiO2]n on the (a) SAM-modified QCM crystals or (b) the silicon wafers.  
This observation of the significant substrate effect on the e-LbL film growth is 
quite different than the usual observation for the LbL film growth. During the l-LbL 
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growth of [PSS/PAH]n on silicon wafers, it was observed that only the deposition of the 
first layer of PSS was affected by different surface modification of the substrate. After 
the first PSS layer, the thin film growth was found to be independent on the substrate.[1]  
5.3.12. LbL Growth Process for 50 Bilayers 
In order to evaluate the thin film growth beyond 10 bilayers, two 50-bilayer thin 
films were prepared and studied their thickness using SEM. The two thin films were 
respectively assembled from solutions with and without phosphate buffer, and they are 
denoted as [PEI(9.9)/SiO2(4.7)]50 and [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]50. If 
the thin film beyond the 10th layer grew at the same speed as that of the linear growth 
regime indicated in QCM results, the film thickness of [PEI(9.9)/SiO2(4.7)]50 and 
[PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]50 should be around 8 and 20 μm, 
respectively. However, according to the SEM images in Figure 5.14, their thicknesses are 
only 3.3 and 4.7 μm, respectively.  
 
Figure 5.14 The cross-section SEM images of films: (a) [PEI(9.9)/SiO2(4.7)]50 and (b) 




Figure 5.15 The QCM frequency change for each assembly steps of SiO2 or PEI, Δ(-Δf), 
during the assembly of [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 film.[154] 
The small thin film thickness of the 50-bilayer thin films is due to a slower linear 
growth rate beyond the 10 bilayers. In Figure 5.15, the frequency change during each 
SiO2 or PEI assembly steps, the Δ(-Δf), are generated. The Δ(-Δf), instead of the -Δf, has 
been used before to reveal the detail of the thin film growth,[106] and it is used here for the 
same purpose. As shown in the figure, during the exponential growth regime the Δ(-Δf) at 
PEI steps is minimal compared to that at the SiO2 steps. After the exponential-linear 
transition, the Δ(-Δf) at PEI steps start to decrease to a negative value, which means some 
SiO2 particles started to detach from the substrate during the PEI assembly step. At the 
10th bilayer, the Δ(-Δf) at PEI steps actually decrease to -1088 Hz, which is quite 
significant compared to that at the prior SiO2 assembly step (6014 Hz). In other words, 
more than 18 wt% of the mass that had deposited during the 9th SiO2 layer was removed 
from the thin film during the following PEI assembly step. This ratio is seen to increase 
in the following assembly steps based on the trend of the curve. This type of thin film 
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material loss can also be observed in cracks developed during the growth of [PEI(9.9, 
3mM buffer)/SiO2(4.7, 3mM buffer)]10 film (Figure 5.16(a)) and [PEI(9.9)/SiO2(4.7)]10 
film (Figure 5.16(b)).  
 
Figure 5.16 Optical image of (a) the [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]10 
thin film and (b) the [PEI(9.9)/SiO2(4.7)]10 film.[154] 
The removal of SiO2 from the thin film during the later PEI assembly steps is 
probably due to the sudden decrease of the positive charges in the thin films when the 
thin film is transferred from SiO2 solution (pH equals to 4.7) to PEI solution (pH equals 
to 9.9). The charge density of PEI at pH of 9.9 is much smaller than that of PEI at pH of 
4.7.[58] Therefore, the amount of positive charge in the thin film will suddenly decrease 
once the substrate is immersed in PEI solution at pH of 9.9 before the supply of newly 
deposited PEI, and thus the positive charges are not enough to “hold” all of the SiO2 
particles in place. 
5.3.13. Inorganic Content of the e-LbL films  
The SEM cross-section images (Figure 5.14) and the QCM results (Figure 5.15) 
indicate that both thin film [PEI(9.9)/SiO2(4.7)]n and [PEI(9.9, 3mM buffer)/SiO2(4.7, 
3mM buffer)]n are primarily composed of nanoparticles. The inorganic content of the 
e-LbL film was further confirmed using TGA by heating the thin film and the colloidal 
SiO2 particles up to 800°C. As shown in Figure 5.17, about 98 wt% of the colloidal SiO2 
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particles is composed of non-combustible inorganic materials, and about 2 wt% of the 
SiO2 particles are combustible organics, which might be the organic stabilizing agent for 
the SiO2 colloidal suspension. Moreover, about 90 wt% of [PEI(9.9)/SiO2(4.7)]50 film is 
composed of non-combustible inorganic materials. It means that over 90% of the 
[PEI(9.9)/SiO2(4.7)]50 thin films is contributed by the colloidal SiO2. According to the 
TGA results, the [PEI(9.9, 3mM buffer)/SiO2(4.7, 3mM buffer)]50 is also primarily 
composed of SiO2 nanoparticles (over 90 wt%, data not shown).  
This is the first time that such thick and dense films containing primarily 
inorganic nanoparticles have ever been manufactured by layer-by-layer assembly.  The 
discovery of the pH-controlled e-LbL assembly of bicomponent PEI/SiO2 thin films 
provides the first step towards being able to make multifunctional films with designed 
properties.  This feature will be very important for any type of film in which the 
inorganic interparticle connection is very critical for the film functionality or where 
specific gradients in density are desired. 
 
Figure 5.17 Thermogravimetric analysis of spin-coated colloidal SiO2 nanoparticles and 
the [PEI(9.9)/SiO2(4.7)]50 thin film.[154] 
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5.3.14. LbL Assembly of [PAA(2.2)/PEI-ITO(7)]n Film 
In order to explore the possibility of exponentially growing ITO thin films, an 
ITO thin film was assembled using PAA as the polyanion. PAA is a weak polyelectrolyte, 
and its pKa is around 4.5.[122] Therefore, at a pH below 4.5, the PAA is weakly negatively 
charged, whereas at a pH above 4.5, the PAA can significantly gain more negative 
charges. Therefore, as shown in Figure 5.18, the [PAA/PEI-ITO]n film was assembled in 
PAA at a pH of 2.2 and in PEI-ITO at a pH of 7, in order to maximize the charge 
difference of PAA. PEI-ITO, instead of unmodified ITO, was chosen for this assembly, 
because unmodified ITO is not stable at pH above 5 (Figure 3.1), but the PEI-modified 
ITO at a PEI:ITO ratio of 1:200 at 0.1 wt% is stable at pH around 7. No NaCl was 
intentionally added into the PAA solutions. This thin film is thus denoted as 
[PAA(2.2)/PEI-ITO(7)]10 for easier description.  
 
Figure 5.18 Schematic comparison of the first bilayer assembly of (a) 
[PEI(9.9)/SiO2(4.7)]1 and (b) [PAA/PEI-ITO]1. 
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As shown in Figure 5.19, unlike the thin film [PEI(9.9)/SiO2(4.7)]10, the thin film 
[PAA(2.2)/PEI-ITO(7)]10 grew linearly during the LbL assembly process. Even though 
the charge of PAA was increased from the PAA assembly step to the PEI-ITO assembly 
step due to the pH increase, the thin film grew linearly. It is still unclear why this 
assembly process exhibited l-LbL growth. One possible reason might be the strong 
interaction between PAA and PEI-ITO layers due to the PEI modification, compared to 
that between PEI and SiO2 layers. The stronger interaction and polyelectrolyte chain 
entanglement between PAA and PEI-ITO layers might refrain the diffusion of PAA 
chains. Another possible reason might be the large ITO particle sizes. As shown in Figure 
3.2, the ITO nanoparticles form 200 nm agglomerates in the colloidal suspensions, and 
this particle size is much bigger than that of the SiO2 particles (~ 30 nm). The large 
particle size of ITO particles might hinder the diffusion of PAA chains during the 
assembly, which will eliminate the e-LbL growth.   
 
Figure 5.19 The -Δf of QCM crystals during the assembly of [PAA(2.2)/PEI-ITO(7)]10, 
[PAA(2.2)/PEI-ITO(7)]11 with less drying, and [PSS(6.5)/PEI-ITO(7)]10 films. 
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The buildup of film [PAA(2.2)/PEI-ITO(7)]10 was also compared with that of film 
[PSS(6.5)/PEI-ITO(7)]10. PSS is a strong polyelectrolyte, and thus the electrical charge of 
PSS will not change in this case. To make the comparison valid, no NaCl was added into 
the PSS solution. As shown in Figure 5.19, the film [PSS(6.5)/PEI-ITO(7)]10 also grew 
linearly through the assembly process. Interestingly, the linear growth rate of 
[PAA(2.2)/PEI-ITO(7)]10 film was more than two times that of the 
[PSS(6.5)/PEI-ITO(7)]10 film. This can be attributed to the increasing negative charge of 
PAA in the film during the assembly of PEI-ITO at pH of 7. The excess of negative 
surface charge on film surface increased the linear growth rate. 
It has been shown that the e-LbL growth process can be promoted by limiting the 
number of film drying steps during the assembly.[116] As shown in Figure 5.19, if the 
[PAA(2.2)/PEI-ITO(7)]10 thin film was dried only at every other ITO layer, the film 
buildup process exhibited a trend towards exponential growth during the assembly of 
[PAA(2.2)/PEI-ITO(7)]10. In fact, the exponential growth “strength factor” β during the 
assembly of [PAA(2.2)/PEI-ITO(7)]10 by applying less drying steps was 0.067, while 
normal drying resulted in β of 0.006. In other words, the film growth of 
[PAA(2.2)/PEI-ITO(7)]10 under regular drying condition was a typical l-LbL growth 
process, whereas the film growth with fewer drying steps showed a weak e-LbL growth 
process. This is probably due to the easier diffusion of PAA when fewer drying steps 
were applied. The drying step can probably introduce the anchor points of 
polyelectrolytes to the surrounding nanoparticles, and thus the diffusion of PAA can be 
hindered. 
The film structure of [PAA(2.2)/PEI-ITO(7)]10 with regular drying procedure and 
that of [PAA(2.2)/PEI-ITO(7)]11 with less drying steps are compared in Figure 5.20. As 
shown in the figure, no obvious surface structure difference could be observed for these 
two films, which is probably due to the weak e-LbL growth process and the 
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polydispersed ITO nanoparticles. In addition, no two-scale structure was thus observed 
for the e-LbL grown films (Figure 5.20(b)).  
 
Figure 5.20. AFM images of (a) [PAA(2.2)/PEI-ITO(7)]10 and (b) 
[PAA(2.2)/PEI-ITO(7)]11 with less drying steps. 
5.3.15.  LbL Assembly of [PDDA(9.9)/SiO2(4.7)]n Film 
In order to justify the effect of weak polyelectrolyte on the e-LbL growth of 
hybrid thin films, PDDA, a strong polyelectrolyte, was used to prepare 
[PDDA(9.9)/SiO2(4.7)]10 thin film. As shown in Figure 5.21, similar to the 
[PEI(9.9)/SiO2(4.7)]10, the [PDDA(9.9)/SiO2(4.7)]10 also shows exponential growth in the 
initial three bilayers. The exponential growth “strength factor” β for the 
PDDA(9.9)/SiO2(4.7) counter-ion pair is 0.853, relatively smaller than that of the 
PEI(9.9)/SiO2(4.7). Due to this smaller “strength factor”, the buildup of thin film 
[PDDA(9.9)/SiO2(4.7)]10 is slower than that of [PEI(9.9)/SiO2(4.7)]10.  
The pH of PDDA solution and SiO2 suspensions are also critical for growth 
process. As shown in Figure 5.21, after the 3rd bilayer, the exponential growth transferred 
to linear growth. After the 5th bilayer, the pH of the PDDA solutions and the SiO2 
suspensions changed to 7.8 and 6.0, respectively. In other words, the pH difference 
between the PDDA solutions and the SiO2 suspensions decreased. By adjusting the pH 
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value of these two solutions back to the original value, the growth rate of thin film 
significantly increased during the 6th bilayer. However, this increase of film growth rate 
could not maintain for more steps, and the growth rate decreased again at the 7th bilayer. 
Similarly, the pH adjustment of the PDDA solution and the SiO2 suspension increased the 
growth rate at the 8th bilayer.   
 
Figure 5.21. The -Δf of QCM crystals during the assembly of [PEI(9.9)/SiO2(4.7)]10, and 
[PEI(9.9)/SiO2(4.7)]10 films. 
5.4. Conclusions 
A new type of exponentially grown organic/inorganic bicomponent composite 
thin film was demonstrated by LbL assembly of PEI and SiO2 nanoparticles. The results 
show that the film growth rate is significantly dependent on the pH difference between 
the PEI and the SiO2 solutions, the pH buffer strength, as well as the ionic strength. Only 
when the thin film is deposited with PEI at a high pH and with SiO2 at a low pH, will the 
thin film exhibit e-LbL growth. The exponential growth strength was shown to 
significantly decrease when the pH difference decreased or the solutions had pH values in 
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reverse. Introducing pH buffer into the PEI and SiO2 solution extends the exponential 
growth region somewhat, and also increases the growth rate in the subsequent linear 
growth regime. Unlike the all-organic thin film systems reported by other investigators, 
increasing the ionic strength of the PEI solution in this case eliminated the exponential 
growth due to the strong screening effect of NaCl on the positive charges of PEI chains.  
In this work, the e-LbL grown [PEI/SiO2]n thin films are primarily composed of 
inorganic SiO2 nanoparticles. This is the first time bicomponent polyelectrolyte/inorganic 
nanoparticle thin films exhibited e-LbL growth. Thin films as thick as 3 μm were 
prepared, composed of over 90% inorganic SiO2 nanoparticles within 10 bilayers. The 
extremely fast thin film growth is attributed not only to the “in-and-out” diffusion of PEI 
chains, but also to the PEI charge density increase when the pH is changed from a high to 
a low value. Due to the diffusion of PEI chains, e-LbL grown films exhibited a dual-scale 
structure with very smooth regions at a small scale (~2 μm) that form much rougher 
islands at a much larger length scale (~ 30 μm). The e-LbL growth process is also 
significantly affected by the substrate. The e-LbL growth on the SAM-modified QCM 
crystals is much faster than that on the silicon wafers, due to the different adsorption 
mechanism of the first PEI layers. The fundamental understanding of the pH controlled 
e-LbL growth of organic/inorganic bicomponent thin films will have significant impact 
on the LbL assembly field. 
Unlike the thin film [PEI(9.9)/SiO2(4.7)]10, the thin film [PAA(2.2)/PEI-ITO(7)]10 
grew linearly during the LbL assembly process. However, this linear growth process can 
be transferred to a weak e-LbL growth process, when fewer drying steps are used during 
the LbL assembly. Furthermore, the linear growth rate of [PAA(2.2)/PEI-ITO(7)]10 was 
shown to be about four times higher than that of [PSS(6.5)/PEI-ITO(7)]10 due to the 
electrical charge increase of every PAA chain in the film.  
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CHAPTER 6 
FABRICATION OF ELECTRICALLY CONDUCTIVE PAPER BY 
LBL ASSEMBLY OF PSS AND ITO ONTO CELLULOSE FIBERS 
 
6.1.  Introduction 
In the past few years, functional papers such as conductive paper, catalyst paper, 
photoluminescent paper and magnetic paper have been manufactured by adding various 
fillers including conductive polymers, titanium oxide, luminescent polymers and ferric 
oxide.[162-166] These materials can respond to external stimuli, such as electric field, 
magnetic field and light. The combination of paper flexibility and extra-functionality 
gives these materials a wide variety of potential applications.  
This chapter examines the possibility of directly coating cellulose fibers with 
functional inorganic nanoparticles using the LbL assembly method. The cellulose fibers 
are negatively charged due to their forming process normally being done during the 
pulping.[167] In traditional paper making method, polyelectrolytes are used to facilitate the 
retention of fillers.[164, 166, 168] However, using the traditional method, polyelectrolytes and 
fillers are applied simultaneously, and most of the particles agglomerate together and 
form big flocs in the paper mats. Compared to the traditional paper making process, the 
LbL method provides an opportunity to uniformly coat the cellulose fibers with 
functional nanoparticles.  As a result, it is possible to fabricate conductive paper by 
coating the cellulose fibers with conductive nanoparticles.    
Previously, LbL assembly has been used to manufacture conductive paper by 
using conductive polymer.[162, 163] In this chapter, the conductive paper was fabricated by 
LbL assembly of PSS and conductive ITO nanoparticles onto the cellulose fibers. 
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6.2. Experimental Procedure 
In this chapter, the bleached kraft softwood cellulose fibers were generously 
supplied by the Institute of Paper Science and Technology (IPST) at Georgia Tech. These 
cellulose fibers were coated by LbL assembly of [PSS/ITO]10, and this ITO-coated 
cellulose fibers were manufactured into paper handsheets using a standard procedure. The 
LbL assembly process was followed by measuring the surface charge of cellulose fiber 
using zetasizer. The electrical property and the surface structure of the paper were 
characterized by using impedance spectroscopy, conductive-AFM, SEM, and EDS.  The 
experimental procedure for ζ-potential, impedance spectroscopy, conductive-AFM, SEM, 
and EDS follows the same procedure that was described in Chapter 2. Here, the 
procedure of LbL assembly on cellulose fibers, paper manufacturing, as well as the 
electrical characterization of paper is described.   
6.2.1. LbL Assembly Process 
The LbL assembly of 10 bilayers of PSS and ITO followed the same procedure 
that was described in Chapter 2. Only one bilayer of PEI and PSS was assembled as the 
precursor layer prior to the assembly of ITO nanoparticles. The concentration of PEI 
solution, PSS solution, and ITO suspension was 0.2, 0.01, and 0.01 wt%, respectively. 
The pH of the PEI solution, PSS solution, and ITO suspension was 8.5, 6.5, and 2.9, 
respectively. Compared to the LbL assembly on solid substrate, the LbL assembly on 
cellulose fibers was performed by suspending the fibers in the solution and filtering the 
coated fibers using a filter. The assembly of PEI and ITO nanoparticles was performed 
under gentle agitation for uniform coating, whereas the assembly of PSS was performed 
under no agitation to minimize the materials lost due to the fiber-to-fiber friction. In this 
chapter, both the ITO and PEI-ITO suspensions were used for the LbL assembly. For 
easier description, the cellulose fibers that were coated with 10 bilayers of PSS and ITO 
or PEI-ITO were denoted as [PSS/ITO]10 or [PSS/PEI-ITO]10.  
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6.2.2. Paper Manufacturing Process 
Paper handsheets with dry basis weight of 60 g/m2 were fabricated according to 
the TAPPI standard T-205.[169] A schematic of the paper manufacturing process from 
cellulose fibers is shown in Figure 6.1. As shown in the figure, during the paper 
manufacturing process, the ITO-coated cellulose fibers were first suspended in water, the 
water is then drained out from a screen, so that a wet fiber mat was finally formed on the 
screen. By drying this fiber mat, a sheet of paper can then be formed.[170] The 
experimental setup of the papermaking machine is shown in Figure 6.2. The papermaking 
machine consists of a sheet machine, in which the wet fiber mat was formed from the 
cellulose fibers, a hand press, and a mechanical press. This machine is located at IPST at 
Georgia Tech.   
 
Figure 6.1 Illustration of the papermaking process from cellulose fibers. (The figure has 
been modified from the reference.)[171] 
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Figure 6.2 Experimental setup of a papermaking machine, including the sheet machine, 
hand press, and the mechanical press.  
6.2.3. Electrical Characterization of Paper 
The electrical data of an individual coated fiber and that of handsheets were 
collected using impedance spectroscopy. The detailed characterization methods were 
already described in Chapter 2, and only the sample preparation for the measurement is 
described here.  
The electrical properties of the paper handsheets were measured along two 
directions: (i) in-plane (IP) and (ii) through-the-thickness (TT) directions. The 
dimensions of the samples measured along the IP and TT directions were 25 mm × 10 
mm × 0.15 mm (Length × Width × Thickness), and 0.15 mm × 20 mm (Thickness × 
Diameter), respectively. The arrangement of the electrodes for the measurement along 
these two directions is given in Figure 6.3. As shown in Figure 6.3(a), the electrical 
contact for the measurement along IP direction was achieved by silver painting the two 
ends of the paper strip, and then using coaxial probers on a probe station attached to the 
impedance analyzer. On the other hand, as shown in Figure 6.3(b), the specimen setup 
121 
used for measurement along TT direction was the parallel-plate-method using 20 cm 
diameter copper plates as sample fixer and electrodes. The measurement setup for 
individual fibers was similar to that of paper measurement in the IP direction, in which 
the paper strip is substituted with one single wood fiber.  
 
Figure 6.3 Schematic illustration of the electrical measurement setup of paper samples 
along the (a) in-plane (IP) direction and in the (b) through-the-thickness (TT) direction, 
respectively.[63]  
The actual two-probe station and the impedance analyzer for the electrical 
measurement, the paper sample for the electrical measurement along the IP direction, and 
the fiber sample are shown in Figure 6.4. Reproducibility was ensured by measuring at 
least three samples for each of the different conditions. 
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Figure 6.4 (a) The two-probe station and impedance analyzer for the electrical 
measurement, (b) the paper sample for measurement along the IP direction, and (c) the 
fiber sample for measurement.  
The impedance and the conductivity of the paper handsheets were calculated 
using equations (2.2) and (2.3) described in Chapter 2. However, for the individual fibers, 
only its impedance can be derived. The conductivity of a single fiber could not be 
accurately calculated, due to the difficulty of precisely determining the silver contact area 
and cross-sectional thickness of the hollow fibers.  
6.2.4. Thermogravimetric Analysis (TGA) 
The content of ITO particles present in the conductive paper can be evaluated by 
using the thermogravimetric analysis (TGA, TA Instruments, Q5000 IR). Scans were 
obtained by heating a small piece of paper up to 700 °C at a heating rate of 10 °C/min 
under flowing air and measuring the amount of inorganic char, which was taken to be the 
remnant ITO nanoparticles.  
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6.3. Results and Discussion 
6.3.1. ζ-potential of Cellulose Fibers during LbL Assembly  
The ζ-potential of cellulose fibers along the LbL assembly process was evaluated 
after every assembly step. Some short fibers were taken after each rinsing step, so that the 
measurement would not be affected by residual polymer or nanoparticles in solution. As 
shown in Figure 6.5, the virgin fibers were negatively charged, and the surface charge 
reversed its sign after every assembly step of either polyelectrolytes or ITO. During the 
assembly of PEI and PSS, the surface charges were completely overcompensated by the 
charge of the fibers, and the magnitude of the ζ-potential of fibers was all above 30 mV. 
However, the assembly of one ITO layer could not completely reverse the surface charge, 
and the ζ-potential of fibers after ITO coating was below 30 mV. This value is reasonable 
since the ITO coating could not fully cover the fiber surface in only one step. This is also 
the reason why several ITO coating steps are necessary to form the interconnected ITO 
network on the fibers. This partial reversing of surface charge has also been observed in 
previous research on LbL assembly of enzyme and clay particles on wood fibers,[64, 67] 
and the similar surface charge effect was also discussed in great detail in Chapter 5. It is 
speculated that this occurred for a similar reason as in the case of these ITO nanoparticles, 




Figure 6.5 ζ-potential of cellulose fibers during the LbL assembly process. In the figure, 
F, E, S, and T stand for wood fibers, PEI, PSS and ITO, respectively.[63] 
6.3.2. Surface Structure of the Assembled Films on Cellulose Fibers 
The paper [PSS/ITO]10 was investigated by optical imaging and SEM. As shown 
in Figure 6.6, the conductive paper appears greenish in color which comes from the ITO 
nanoparticles. As displayed in Figure 6.7(a) and (b), large portions of the fiber surface are 
coated by ITO nanoparticles. Percolated networks of ITO nanoparticles can form on the 
fiber surface, due to the preferential particles deposition on some surface defects, such as 
the regions around the surface microfibrils (Figure 6.7(b)). This preferential deposition 
can lead to percolation through the sample and can contribute to the long range 
conductivity of the paper. As seen in Figure 6.7(c), the local region of the percolated 
network is fully covered by nanoparticles. The particle size is generally around or below 
100 nm, which is the same as was determined in a previous TEM measurement of raw 
powders (Figure 2.1). EDS analysis of the region shown in Figure 6.7(c), which is 
presented in Figure 6.7(d), clearly shows the presence of In, Sn and O, confirming that 
these nanoparticles are all ITO. The gold signal present is due to the sputter coating for 
SEM sample preparation.  
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Figure 6.6 Optical image of the paper handsheet [PSS/ITO]10.[63]  
 
 
Figure 6.7 SEM micrographs and EDS pattern for paper [PSS/ITO]10: (a), (b) and (c) 
SEM micrographs at different magnifications, (d) EDS element analysis of the whole 
area of (c).[63] 
6.3.3. Electrical Properties 
The impedance Nyquist plot of the plain paper, paper [PSS/ITO]1, paper 
[PSS/ITO]5, paper [PSS/ITO]10, and fiber [PSS/ITO]10 that were measured along the TT 
direction are shown in Figure 6.8. As shown in the figure, the plain paper exhibited the 
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typical behavior of insulating materials. When one layer of ITO nanoparticles is coated 
onto the wood fibers, the as-made paper [PSS/ITO]1 showed a noticeable trend to form a 
semicircular curve in the impedance Nyquist plot. In addition, the more bilayers of 
[PSS/ITO]n coated onto the cellulose fibers, the smaller the diameter of the semicircle 
became. The paper [PSS/ITO]5 exhibited a perfect semicircle, indicating that it was fully 
DC conductive. As shown in Figure 6.8(b), the impedance Nyquist plot of fiber 
[PSS/ITO]10 also showed a complete semicircle, which indicates the presence of DC 
conductance in this single fiber. The actual magnitude of the DC resistance is much 
larger than that of the handsheet containing many of these single fibers because of the 
small dimensions of one single fiber.  
 
Figure 6.8 Impedance Nyquist plot of (a) plain paper and papers [PSS/ITO]1, paper 
[PSS/ITO]5, and paper [PSS/ITO]10 measured along the TT direction, and (b) fiber 
[PSS/ITO]10. The data of plain paper, paper [PSS/ITO]1, and paper [PSS/ITO]5 had to be 
suppressed by 105, 103 and 500 times respectively in order to be shown on the same 
complex plane graph as that of [PSS/ITO]10.[63] 
The paper AC conductivity (σac) along the TT direction was calculated using 
equation (2.3), and the conductivity Bode plots are shown in Figure 6.9. As shown in the 
figure, the dependence of the σac on the frequency can be divided into two regions: one is 
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the frequency independent region at the relatively low frequency range, the other one is 
the frequency dependent region at the relatively high frequency range. The frequency at 
which the conductivity response changed from frequency dependent to independent 
region is called the critical frequency. From the frequency independent region, one can 
derive the DC conductivity (σdc) of the materials. The σdc of all of the samples measured 
along both the IP and the TT directions are shown in Table 6.1. It can be seen from the 
table that the conductivity of paper made from fibers coated with ITO increases 
drastically when the number of bilayers increases. The σdc of paper [PSS/ITO]10 are 
1.9×10-8 S/cm and 5.2×10-6 S/cm in the TT and the IP directions, respectively. Compared 
to the conductivity of the plain paper, it was increased by more than six orders of 
magnitude in both cases. Therefore, when more ITO nanoparticles were deposited onto 
the cellulose fibers, the paper became more conductive. In the meantime, the frequency 
dependent region got smaller and smaller when the paper became more and more 
conductive. In addition, the response of the σac of the plain paper was completely 
dominated by the frequency dependent region, and this means that the plain paper is 





Figure 6.9 AC conductivity (σac) of plain paper, paper [PSS/ITO]1, paper [PSS/ITO]5, 
and paper [PSS/ITO]10 measured in the TT direction.[63] 
 
Table 6.1 The electrical results of all paper sheets measured along both the in-plane and 
through-the-thickness directions.[63] 
Electrical Properties 
Rdc (Ω) σdc (S/cm) Paper Sample 
TT IP TT IP 
Plain paper a > 3.0×1011 > 5.12×1012 < 2.8×10-14 < 2.5×10-11 
[PSS/ITO]1 b ~ 1.8×1010 ~ 1.2×1012 2.8×10-13 3.2×10-11 
[PSS/ITO]5 3.3×108 3.6×1010 1.3×10-11 1.6×10-9 
[PSS/ITO]10 2.5×105 1.9×107 1.9×10-8 5.2×10-6 
a The plain paper is completely insulating so that an exact Rdc and σdc cannot be obtained (values 
shown were estimated from data taken at 0.01 Hz). b The impedance semicircle curve of paper 
[PSS/ITO]1 is not fully finished, so that the its Rdc is estimated by standard semicircle fitting.  
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The σac of paper [PSS/ITO]10 along both the IP and TT directions are shown in 
Figure 6.10. As shown in the figure, the conductivity along the IP direction is about 2-3 
orders of magnitude higher than that of the same paper measured in the TT direction. 
This is observed not only for the ITO coated papers but also the plain paper (Table 6.1). 
For example, as shown in Figure 6.10(a), the critical frequencies for paper [PSS/ITO]10 
measured in the two directions are virtually the same. However, the magnitude of σdc for 
this paper in the IP and the TT directions are significantly different by more than two 
orders of magnitude. It can be concluded that this difference may be related to the 
anisotropic structure of the paper handsheet (Figure 6.10(b)). According to the SEM 
image on top of the paper handsheet (Figure 6.10(c)) and the cross-sectional image 
(Figure 6.10(d)), all of the cellulose fibers aligned along the paper plane and then they 
stacked up in the TT direction. This indicates that the conduction in the IP direction is 
expected to occur more along the fibers; however, the conduction in the TT direction is 
more along the contact regions between the fibers. In other words, a good fiber-to-fiber 
connection is more crucial for samples measured in the TT direction than that in the IP 
direction. This is why the conductivity of paper along the IP direction is 










Figure 6.10 (a) Anisotropic conductivity of paper [PSS/ITO]10 measured along the IP and 
TT directions, (b) Schematic of paper indicating electrical measurement directions, (c) 
and (d) SEM images of the handsheet taken from the in-plane and the cross sectional 
area, respectively.[63] 
6.3.4. Conductive-AFM Imaging 
Conductive-AFM analysis was carried out on the paper [PSS/ITO]10, in order to 
confirm the presence of the percolation pathways resulting from the interconnected 
network of ITO nanoparticles in the paper. As shown in Figure 2.6, a bias voltage was 
applied underneath the paper, and the AFM tip was used to detect the current from the top 
of the paper. The presence of the percolation paths can be evaluated from the presence of 
the current detected. Since the scanning area of the AFM image (maximum 45 μm) is 
comparable to or smaller than the dimension of individual fibers (~ 40 μm), only one 
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single fiber was selected under the scanning probe microscope to perform 
Conductive-AFM analysis.  
 
 
Figure 6.11 The conductive-AFM (a) topography image and (b) current image of paper 




As shown in the AFM topography image in Figure 6.11(a), aggregates of ITO 
particles can be found in some regions on the fiber surface, and substantial current (~5 
nA) is detected in the corresponding regions in the current image (Figure 6.11(b)). The 
detected current is the current that percolated through the thickness of the paper and 
represents the end of the percolation paths. Furthermore, the percolated conductive paths 
on ITO-coated fibers is in perfect agreement with the SEM images (Figure 6.7(a) and (b)), 
both in terms of the shape and dimension of the percolated network. 
6.3.5. Effect of Modification of the ITO Suspensions on Conductive Paper  
In order to compare the effect of modification of the ITO suspensions using PEI, 
another paper was prepared using PEI-ITO at the PEI:ITO ratio of 1:200. The cellulose 
fibers were coated with five bilayers of PSS and PEI-ITO, and the samples were denoted 
as [PSS/PEI-ITO]5. The electrical properties and the ITO content of this paper is 
compared to the paper [PSS/ITO]5. 
6.3.5.1. Effect of Modification on the Electrical Properties 
The effect of PEI modification of ITO nanoparticles on the electrical properties of 
as-prepared papers was studied. As shown in Figure 6.12, the σdc of paper 
[PSS/(PEI-ITO)]5 and paper [PSS/ITO]5 are 3.6×10-9 and 2.1×10-11 S/cm in the TT 
direction, respectively. The σdc of paper [PSS/(PEI-ITO)]5 is more than 
two-orders-of-magnitude higher than that of paper [PSS/ITO]5. This improvement 
indicates that many more ITO nanoparticles were coated onto the cellulose fibers from 
the PEI-ITO suspension that that from the unmodified ITO suspensions. However, the σdc 
of paper [PSS/ITO]10 and [PSS/(PEI-ITO)]15 are the same to each other. In other words, 
the deposition of 15 bilayers of PSS and PEI-ITO on cellulose fibers does not render a 
paper that is more conductive than that made from the cellulose fibers that were coated 
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with 10 bilayers of PSS and ITO. Therefore, it is believed that the optimal conductivity of 
the paper under current condition along the TT directions is around 1.9×10-8 S/cm.  
 
Figure 6.12 The σac of paper [PSS/ITO]10, paper [PSS/ITO]5, paper [PSS/PEI-ITO]15, and 
paper [PSS/PEI-ITO]5. 
6.3.5.2. Effect of PEI Modification on the Remnant ITO Content 
The amount of ITO nanoparticles in both kinds of paper was evaluated by 
measuring the remnant char fraction using TGA analysis in flowing air. As shown in 
Figure 6.13, the ITO content in paper [PSS/(PEI-ITO)]5 was determined to be almost 
double that in paper [PSS/ITO]5 (8.17 wt% vs. 4.55 wt%). Therefore, this indicates that 
nearly twice the number of ITO particles was coated onto cellulose fibers from the 
PEI-modified ITO suspension than that from the unmodified ITO suspension. 
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Figure 6.13 TGA thermogram of paper [PSS/ITO]5 and paper [PSS/(PEI-ITO)]5 from 
room temperature to 700°C. The remnant ITO particles in paper [PSS/ITO]5 and paper 
[PSS/(PEI-ITO)]5 are 8.17% and 4.55% respectively.[118] 
 
6.4. Conclusions 
Conductive paper was successfully fabricated by LbL assembly of 
semiconductive ITO nanoparticles onto cellulose fibers, and manufacturing these 
ITO-coated fibers into paper handsheets through conventional papermaking methods. The 
ITO nanoparticles were found to aggregate and form percolated networks on the cellulose 
fibers. This locally percolated network on the fibers translates into conductive percolation 
paths throughout the whole paper. The conductivity of as-prepared papers drastically 
increases when several bilayers of PSS and ITO are coated onto the wood fibers. 
Compared to plain paper made from virgin fibers, the conductivity of coated paper is 
improved by more than six orders of magnitude in both the in-plane and 
through-the-thickness directions. The optimal conductivity was obtained when 10 
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bilayers of PSS and ITO were coated onto the fibers. The σdc of paper [PSS/ITO]10 was 
5.2×10-6 S/cm and 1.9×10-8 S/cm in the IP and the TT directions, respectively. The 
conductivity of all papers in the IP direction was found to be 2-3 orders of magnitude 
higher than that in the TT direction. This is believed to be related to the anisotropic 
structure of paper handsheets.  
The modification of ITO suspension by using PEI will significantly improve the 
deposition rate of ITO onto cellulose fibers. The conductivity of paper [PSS/PEI-ITO]5 is 
more than two orders of magnitude higher than that of paper [PSS/ITO]5. Furthermore, 
due to the increased assembly rate, the ITO content in the paper [PSS/PEI-ITO]5 is two 
times higher than that of paper [PSS/ITO]5. However, further increase the assembly 
bilayers on the cellulose fiber will make the difference of conductivity between the paper 
made from unmodified ITO nanoparticles and the paper made from PEI-modified ITO 
nanoparticles smaller. Both the paper [PSS/ITO]10 and [PSS/PEI-ITO]15 reaches the same 
conductivity value of 1.9×10-8 S/cm along the TT direction and 5.2×10-6 along the IP 




FABRICATION OF CONDUCTIVE TRANSPARENT THIN FILMS  
 
7.1.  Introduction 
Transparent conductive oxide thin films, such as ITO films, have long been used 
for manufacturing transparent conductive electrodes for optoelectronic devices, such as 
flat-panel displays, thin film solar cells, and touch screens.[23, 24] Traditionally, ITO thin 
films are fabricated by using sputter coating,[172-174] evaporation,[175, 176] chemical vapor 
deposition (CVD),[177] or sol-gel methods.[178] Using these processes, researchers are able 
to fabricate ITO thin films with high conductivity (~ 104 S/cm) and high transparency[23]. 
However, most of these techniques have the disadvantage of material that they waste ITO 
due to the naturally multidirectional deposition method and the poor target utilization.[24]  
This chapter demonstrates that transparent conductive ITO thin films can also be 
fabricated by using the LbL assembly method. Due to the simplicity of this method, LbL 
assembled ITO thin films can be fabricated onto various substrates, including plastic 
films, glass, and silicon wafers. Furthermore, this method can also be applied onto 
substrates with irregular surfaces.  
7.2. Experimental Procedure 
In this chapter, silicon wafers and the ordinary write-on transparencies (Office 
Depot) were used as the substrate for depositing the transparent conductive [PSS/ITO]10 
thin films. The electrical properties, optical properties, and film structure were 




7.2.1. LbL Assembly Procedure 
The LbL assembly of [PSS/ITO]10 thin films followed the same procedure that 
was described in Chapter 2. The silicon wafers and the transparencies were pretreated 
prior to the LbL assembly. The silicon wafers were cleaned by sonicating the wafer first 
in acetone and then in isopropanol for 10 min. The transparency was cleaned by wiping 
the transparency with isopropanol, and then activating the surface in UV/Ozone 
(Novascan, PSD Pro-UV) at 50 °C for 15 min.  
During the LbL assembly, only one bilayer of PEI and PSS was assembled as the 
precursor layer on each substrate prior to the assembly of ITO nanoparticles. The 
concentration of PEI solution, PSS solution, and ITO suspension was 0.02, 0.02, and 0.1 
wt%, respectively. The pH of the PEI solution, PSS solution, and ITO suspension was 5, 
2.9, and 2.9, respectively.  
In this chapter, two hybrid films were fabricated on transparencies to evaluate the 
transmittance of the thin films. Two other films were fabricated on silicon wafers to 
evaluate the film structure, to measure film thickness, and to evaluate the film 
conductivity. The LbL assembly conditions of these four films are listed in Table 7.1.  
 
Table 7.1 Summary of the LbL assembly conditions of the hybrid thin films [PSS/ITO]10 
and [PSS/PEI/PSS/ITO]10. 
Sample Film composition LbL assembly procedure Substrate 
Sa-1 [PSS/ITO]10 
PSS (5 min, 
w.o. NaCl) ITO (20 min) Transparency 
Sa-2 [PSS/ITO]10 
PSS (5 min, 
0.1M NaCl) ITO (20 min) Transparency 
Sa-3 [PSS/ITO]10 
PSS (10 min, 
0.1M NaCl) ITO (20 min) Silicon wafer 
Sa-4 [PSS/PEI/PSS/ITO]10 
PSS (10 min, 
0.1M NaCl) ITO (20 min) Silicon wafer 
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7.2.2. Transmittance Measurement 
The transmittance of the ITO thin films on transparency was evaluated using 
UV/Vis/NIR spectrophotometer (Beckman DU-640) at wavelengths ranging from 200 to 
1100 nm. The transmittance of all ITO film samples were compared with that of the plain 
transparency substrate. All of the transmittance measurement were evaluated using air as 
the background.  
7.2.3. Four-probe Electrical Measurement 
The electrical properties of conductive thin films on both transparency and silicon 
wafers were evaluated using four-probe electrical measurements. This technique was 
preferred over two probe technique for thin film measurement because it can eliminate 
the influence of the contact resistance. As shown in Figure 7.1, four probes with the same 
probe distance were made to contact with the conductive film. During the measurement, a 
direct current was applied through the outer two probes, and the voltage was measured 
through the inner two probes. The measurement was done in a sweep mode, in which the 
current was swept from 0 to a designated current, and the voltage was measured. The 
surface resistance (Rsh) was calculated using equation (7.1),[179] and its common unit is 
“Ω/sq”. In equation (7.1), I is the applied current through the outer two probes, and V is 
the measured voltage through the inner two probes. In addition, the bulk conductivity (σ) 
and the bulk resistivity (ρ) can be calculated using equation (7.2),[179] in which t is the 
thickness of the thin films.  
I
VRsh 53.4=          (7.1) 
tRsh
11 == ρσ        (7.2) 
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Figure 7.1 Schematic of the setup of four-probe electrical measurement. 
7.2.4. Film Thickness Measurement by AFM 
In order to obtain the conductivity of the thin films, one has to measure the film 
thickness (t). In this chapter, the film thickness of the thin films on silicon wafers was 
evaluated using AFM. One small scratch was made on the film using tweezers, and the 
AFM was used to measure the film thickness over this scratch. This procedure is similar 
to the one used in Chapter 5.  
7.3. Results and Discussion 
7.3.1. Transmittance of the ITO Films Deposited on Transparencies 
The transmittance of the ITO films deposited on the transparencies is shown in 
Figure 7.2. As shown in the figure, the plain substrate is not transparent in the UV region 
(200 to 390 nm[180]), but it is quite transparent in the visible range (390 to 750 nm[180]) 
and the near infrared (NIR) range (750 to 1100 nm[180]).  The transmittance of the plain 
substrate in the UV region is close to zero, but that in the visible and NIR range is close 
to 90%. The close-to-zero transmittance of the plain substrate in the UV region can be 
attributed to the strong light absorption by the band gap.[31] Similar to the plain substrate, 
the transmittance of ITO thin films on the substrate in the UV region is also close to zero, 
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due to the light absorption from both the substrate and the ITO films. In the visible range, 
the transmittance of ITO thin films on the substrate is lower than that of the plain 
substrate. For example, the transmittance of Sa-1 and Sa-2 at 550 nm is 78% and 70 %, 
respectively. This value is lower than that of the plain substrate, which is 88% at 550 nm.  
 
Figure 7.2 Transmittance of transparent plastic substrate and ITO thin films Sa-1 and 
Sa-2 for the wavelength range from 200 to 1100 nm.  
The transmittance of Sa-1 is slightly higher than that of Sa-2. This is probably due 
to the rougher interface between the PSS and ITO layers, when the PSS was assembled at 
a higher ionic strength.[75, 148] In addition, the transmittance of both Sa-1 and Sa-2 
increases as the wavelength increases. For example, the transmittance of Sa-1 and Sa-2 at 
390 nm is 47% and 33%, respectively. On the other hand, the transmittance of Sa-1 and 
Sa-2 increased to 89% and 85% at 750 nm, respectively. The transmittance of both Sa-1 
and Sa-2 further increased in the NIR range, and it is eventually higher than that of the 
plain substrate. For example, the transmittance of Sa-1 and Sa-2 surpassed the 
transmittance of the plain substrate at around 760 nm and 860 nm respectively. At the 
1100 nm, the transmittance of Sa-1 and Sa-2 is respectively 96% and 95%, both of which 
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are substantially higher than that of the plain substrate (89%). The higher transmittance of 
the ITO thin films than the plain substrate can be a result of the antireflection of the thin 
films.[181, 182] It has been observed that porous films from colloidal SiO2 particles can give 
rise to a higher transparency at a wavelength range that is four times larger than the film 
thickness due to the antireflection. Due to the decreased reflection, more light will be 
transmitted through the film, and thus the transmittance of the hybrid films on substrate 
will be increased.  
7.3.2. Surface Structure and Film Thickness 
In order to evaluate the thickness of [PSS/ITO]10 thin films using AFM, Sa-3 and 
Sa-4 were prepared on silicon wafers. As shown in Figure 7.3, part of the thin films was 
scratched off using tweezers, and the height difference between the top of the film and 
the substrate was measured by AFM to evaluate the thin film thickness. The thickness 
was taken by averaging multiple points from a sufficiently large scanning area (20 μm × 
20 μm). As shown in the figure, the average film thickness of Sa-3 [PSS/ITO]10 is around 
196 nm. This value was used for Sa-1 and Sa-2 to calculate their conductivity using 
equation (7.1) and (7.2), since the thin films Sa-1, Sa-2, and Sa-3 have similar film 
compositions.  The average film thickness of Sa-4 [PSS/PEI/PSS/ITO]10 is about 235 
nm, thicker than that of the Sa-3. The thicker film of Sa-4 may be a result of the extra 
polyelectrolyte layers in every [PSS/PEI/PSS/ITO]n bilayer that are absent in every 
[PSS/ITO]n bilayer.  
The surface structure of Sa-3 and Sa-4 was also characterized by AFM. As shown 
in Figure 7.4, both of the Sa-3 and Sa-4 films fully cover the substrate surface. Both of 
the films Sa-3 and Sa-4 exhibit a raspberry-like nanometer structure with a surface 
roughness of 66 and 61 nm in the 5 μm × 5 μm area, respectively. This structure can thus 
be potentially made into superhydrophobic transparent conductive thin films by surface 
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treating the structure with low surface energy material.[181] The thin film thickness, 
surface roughness, and the conductivity of these films are also summarized in Table 7.2.  
 
Figure 7.3 Thickness measurement of the (a)Sa-3 [PSS/ITO]10 and (b)Sa-4 
[PSS/PEI/PSS/ITO]10 films on silicon wafers. Both of the AFM images were taken from 
a 20 μm × 20 μm area, and both of the height scales are set to the same scale of 0 to 1000 
nm for easy comparison.  
 
Figure 7.4 AFM surface topography of ITO thin films (a)Sa-3 [PSS/ITO]10 and (b)Sa-4 
[PSS/PEI/PSS/ITO]10 on silicon wafers. All of the images are in a size of 5 μm × 5 μm, 
and the height scales are set to the same scale of 0~300 nm. The surface roughness of the 
thin films in 5 μm × 5 μm area is (a) 66 nm and (b) 61 nm, respectively.  
143 
Table 7.2 Summary of the film structure, thickness, and the conductivity of the thin films 
listed in Table 7.1. 
Sample Thickness (nm) 
Surface Roughness b 
(nm) Conductivity (S/cm) 
Sa-1 196a 56 1.15 ± 0.07×10-4 
Sa-2 196a 66 1.29 ± 0.05×10-4 
Sa-3 196 66 1.10 ± 0.19×10-4 
Sa-4 235 61 6.43 ± 0.21×10-5 
a The film thickness of Sa-3 was used as the thickness of Sa-1 and Sa-2 for the calculation of film 
conductivity. This approximation is proved to be close enough by AFM imaging. 
b Surface roughness is obtained from the AFM images of thin film in the 5 μm × 5 μm area.    
7.3.3. Electrical Properties 
The electrical conductivity of all of the ITO thin films was evaluated using the 
four-probe electrical measurement, and calculated using equations (7.l) and (7.2). The 
current was applied to the film by sweeping the current from 0 to 100 nA, and the voltage 
response was recorded. All of the thin films exhibited a linear response to the sweeping 
current, which means the thin films are DC conductive.  
 
Figure 7.5 Conductivities of ITO thin films listed in Table 7.1.  
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As shown in Figure 7.5 and Table 7.2, the conductivity of thin films Sa-1, Sa-2, 
and Sa-3 are very close to each other. This result is reasonable, since all of these three 
films have similar film composition, except for the slightly different LbL assembly 
conditions (Table 7.1). Compared to the thin film [PSS/ITO]10 (Sa-1, Sa-2, and Sa-3), the 
conductivity of thin film [PSS/PEI/PSS/ITO]10 (Sa-4) decreased almost by half. This 
indicates that the number of insulating polyelectrolyte layers between the ITO assembly 
layers is critical for the electrical conductivity of the LbL assembled ITO thin films. One 
extra bilayer of PEI/PSS between every PSS and ITO layers decreased the electrical 
conductivity of thin film from 1.10 ± 0.19×10-4 to 6.43 ± 0.21×10-5 S/cm. It is to be noted 
that the conductivity of these films is much lower than that of the sputtered ITO thin film 
(over 103 S/cm[33]). However, it is possible to increase the conductivity of these films by 
post-deposition heat treatment.  
7.4. Conclusions 
In this chapter, a new method to prepare transparent conductive thin films was 
demonstrated by LbL assembly of [PSS/ITO]n thin films on ordinary write-on plastic 
transparencies. These thin films exhibited fairly high transparency in the visible range (~ 
80% at 550 nm). Surprisingly, in the NIR range, they exhibited a higher transmittance 
than the plain substrate, which can be attributed to the antireflection of the thin films. The 
thin films exhibited a raspberry-like nanometer scale structure, and they can be 
potentially made into superhydrophobic films. The electrical conductivity of the thin 
films without any treatment is around 10-4 S/cm. It was found that the polyelectrolyte 
content in the thin film is critical for the film conductivity.  
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CHAPTER 8 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
  
8.1. Conclusions 
In this thesis, several aspects of the fundamentals of the layer-by-layer (LbL) 
assembly of hybrid bicomponent thin films, which was composed of one polyelectrolyte 
material and one inorganic nanoparticle material, were studied. The inorganic 
nanoparticles studied in this work were primarily indium tin oxide (ITO) nanoparticles. 
The fundamental understanding of this process was applied to prepare conductive paper 
and transparent conductive thin films using conductive ITO nanoparticles.  
ITO colloidal suspensions prepared from commercial ITO nanoparticles for the 
LbL assembly were not very stable, and the LbL assembly rate was low. In this work, a 
simple method was developed to stabilize the ITO suspension by modifying the ITO 
particle with PEI, and the LbL assembly rate of the [PSS/ITO]n thin films could be 
enhanced by two times at an appropriate PEI:ITO ratio. This LbL assembly rate 
enhancement was attributed to the stronger particle-surface interaction forces, a larger 
number of interaction sites between PEI-modified ITO with the PSS layers, as well as the 
weaker interparticle repulsive forces between the PEI-modified ITO nanoparticles.    
Prior to the LbL assembly of hybrid thin films on a substrate, a polyelectrolyte 
precursor layer was often assembled on the substrate to reduce the substrate effect and 
render uniformly charged substrate surfaces. In this thesis, the effect of a precursor layer 
consisting of [PEI/PSS]4 on the assembly of hybrid thin films [ITO/PSS]9.5 was examined 
in detail. It was found that the precursor layer could significantly affect the initial 
“recovery regime” of the assembly process of the hybrid thin films by changing the 
surface charge of the precursor layer, but it did not affect the second “linear growth 
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regime” of the assembly process. The ionic strength in the PSS solutions could affect the 
film buildup rate from the PEI-modified ITO nanoparticles, but it did not affect that from 
the unmodified ITO nanoparticles. This distinction was attributed to the polymer-polymer 
interaction between the PEI-modified ITO and the PSS layers, which is affected 
significantly by the ionic strength of the PSS solutions.  
Exponentially grown LbL (e-LbL) films are desirable because this method can 
increase the growth rate considerably, resulting in much thicker films in a shorter period 
of time than normally linearly grown LbL (l-LbL) thin films. For the first time, a new 
type of e-LbL grown bicomponent hybrid thin films was demonstrated by LbL assembly 
of PEI and SiO2 nanoparticles. It was shown that this e-LbL growth process was 
significantly dependent on the pH of the PEI and the SiO2 solutions, the ionic strength of 
the PEI solutions, as well as the substrate used. The e-LbL growth will only occur when 
the film is deposited with PEI at a high pH and SiO2 at a low pH. The e-LbL films could 
grow to thicknesses as large as 1-3 μm within just 10 bilayers. These e-LbL thin films 
were primarily composed of inorganic materials (over 90 wt% as determined by TGA). 
Having mostly nanoparticles is highly desirable for the thin films whose photonic, 
electronic and optical properties are strongly dependent on the connectivity of the 
nanoparticles.[21] It is worth noting that thin films [PAA/PEI-ITO]n that were assembled 
from PAA at a low pH and PEI-modified ITO at a high pH also exhibited weak 
exponential growth behavior.  
A new process to prepare conductive paper was developed by LbL assembly of 
[PSS/ITO]n thin films onto individual cellulose fibers prior to papermaking. These 
ITO-coated cellulose fibers could be used to manufacture conductive paper using 
traditional papermaking methods. It was found that the conductivity of the paper was 
drastically increased when several bilayers of PSS and ITO were deposited onto the 
cellulose fibers. Compared to plain papers, the conductivity of the paper was increased by 
more than six orders of magnitude when 10 bilayers of PSS and ITO were deposited onto 
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the cellulose fibers. The conductivity of all papers measured along the in-plane (IP) 
direction were found to be 2-3 orders of magnitude higher than those measured along the 
through-the-thickness (TT) direction, which was believed to be related to the anisotropy 
of the paper structures. Due to the higher assembly rate, the conductivity of the paper 
made from PEI-modified ITO was two orders of magnitude higher than that of the paper 
made from unmodified ITO.  
A new method to prepare transparent conductive ITO thin films on plastic 
substrates was developed by LbL assembly of PSS and ITO. The thin films exhibited 
fairly high transmittance in the visible range (~ 80% at 550 nm), and a surprisingly higher 
transmittance in the NIR range that was higher than the substrate. This phenomenon was 
attributed to the antireflection of the thin films. The electrical conductivity of the thin 
film was around 10-4 S/cm without any heating treatment.  
8.2. Suggestions for Future Work 
8.2.1. Conductive Thin Films from Monodispersed ITO Nanoparticles 
In this work, it was found that the stability of the ITO suspension was poor, and it 
was hard to study effect of the ionic strength of the ITO colloidal suspensions, because 
the commercially available ITO nanoparticles were polydispersed. Previous to the work 
presented in this thesis, monodispersed ITO nanoparticles with very small particle size (~ 
7 nm) have been successfully synthesized in our lab.[183, 184] It would be very interesting 
to study the LbL assembly process of the monodispersed ITO nanoparticles in the near 
future.  
It should be noted that these monodispersed ITO nanoparticles are prepared in 
organic solvents, and the ITO colloidal suspensions are normally stabilized by 
hydrophobic stabilizing agents.[183, 184] It is thus critical to disperse these ITO 
nanoparticles into an aqueous solvent for the electrostatic LbL assembly process. This 
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can be achieved either by synthesizing the colloidal particles with hydrophilic stabilizing 
agents [185-188] or by switching the stabilizing agents from the hydrophobic molecules to 
hydrophilic molecules using the place exchange methods.[189-192]  
It would be very interesting to study the effect of ionic strength in the ITO 
suspensions, and the kinetics of the ITO assembly process by using the monodispersed 
ITO nanoparticles.  
8.2.2. Temperature Amplified e-LbL growth of Conductive Thin Films  
In chapter 5, it has been shown that [PAA(2.2)/PEI-ITO(7)]n exhibited a weak 
e-LbL growth process. The small exponential “growth strength” of this system was 
attributed to the hindered diffusion of PAA due to the using of PEI-modified ITO 
nanoparticles and the large particle size of commercially available ITO particles. It would 
be very interesting to further pursue the e-LbL growth of this thin film due to the special 
properties of ITO nanoparticles. One of the possible directions is to amplify the 
exponential “growth strength” by performing the LbL growth at elevated temperatures 
(e.g. at 50 °C). It has been shown that the traditional l-LbL thin film [PDDA/PSS]n 
undergo exponential growth at elevated temperatures.[108] Therefore, it maybe possible to 
amplify the diffusion of PAA during the LbL assembly to amplify the exponential growth 
of the [PAA(2.2)/PEI-ITO(7)]n films. In addition, it would be even more promising to 
study the exponentially grown thin films of ITO by using monodispersed ITO 
nanoparticles.  
8.2.3. Self-assembly of Multifunctional Thin Films 
In Chapter 5, it was found that the film buildup rate can be significantly amplified 
by adjusting the pH of the PEI solutions and the SiO2 suspensions. In addition, the thin 
film [PEI(4.7)/SiO2(9.5)]10 showed a very interesting surface structure. As shown in 
Figure 8.1 at four different magnification of the same film, the surface of thin film 
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[PEI(4.7)/SiO2(9.5)]10 exhibited a self-organized cluster-like structure. The cluster 
domain is approximately 300 to 400 nm, and each cluster is composed of many smaller 
SiO2 nanoparticles. In other words, this thin film structure is a very interesting cluster 
structure with nanometer roughness. This special structure can be potentially used to 
prepare antireflective superhydrophobic thin films.  
 
Figure 8.1 AFM image of thin film [PEI(4.7)/SiO2(9.5)]10 at different scales: (a) 10 μm × 
10 μm, (b) 5 μm × 5 μm, (c) 2 μm × 2 μm, and (d) 1 μm × 1 μm.  
In the silicon research area, investigators have put a lot of efforts on fabricating 
cone-shape structures on the silicon wafers using lithography or etching methods.[14, 
193-195]  It would be very promising to prepare such a structure using self-assembly 
methods. One of the advantages of using this method to prepare the antireflective 
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structure is that the cluster size can be easily tuned by changing the pH of the PEI 
solutions and the SiO2 suspensions. Furthermore, it has also been shown that 
superhydrophobic surfaces could be easily prepared from SiO2 by coating the surface 
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